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Cathode materials for lithium batteries with high power density are in great 
demand to power electric vehicles and hybrid electric vehicles. Hence, 
spinel-structured LiNi0.5Mn1.5O4 cathode has received great attentions due to its 
high operation voltage of around 4.7 V. However, its poor high rate performances 
cannot satisfy with high power applications. Many strategies have been employed 
to improve its high rate performances. The aim of this research was to firstly design 
and synthesis LiNi0.5Mn1.5O4 cathodes modified by 4d transition metals; and then 
thoroughly investigate their crystal structures, particle morphologies, charge 
transportation properties as well as electrochemical performances. 
Ru, Rh and Nb doped LiNi0.5Mn1.5O4 spinels have been synthesized by solid 
state reactions. Ru doped LiNi0.5Mn1.5O4 exhibited the best electrochemical 
performances and can deliver a capacity of 117 mAh g
-1
 even at an extremely high 
discharge rate of 1470 mA g
-1
 (10 C rate), and excellent cyclic performances at the 
10 C charge/discharge rate for 500 cycles are achieved. The electronic 
conductivties of Ru doped LiNi0.5Mn1.5O4 can be as high as 3.2 times of that of the 
LiNi0.5Mn1.5O4. Delocalized 4d orbitals and large 4d orbitals‟ radius overlapping 
with O 2p orbitals have been proposed to be main mechanisms for enhanced 
electronic conductivity. Lithium diffusivity has also been improved through Ru 
doping. Ru doped LiNi0.5Mn1.5O4 synthesized by solid state reactions exhibited 




LiNi0.5Mn1.5O4, which can be attributed to greatly enhanced charge transportation 
properties.  
Although electrochemical results show that Rh doping can improve the high rate 
performances of LiNi0.5Mn1.5O4, it cannot compete with the effects of Ru doping. 
Synthesis of phase pure Nb doped LiNi0.5Mn1.5O4 spinels are not successful. 
LiNbO3 impurity with poor electronic conductivity presents in Nb doped samples. 
Suffering from LiNbO3, Nb doped LiNi0.5Mn1.5O4 exhibit poor electrochemical 
performances even at low rates. 
Several methods attempting to obtain Ru doped LiNi0.5Mn1.5O4 spinels with 
reduced particle size were investigated. Phase pure spinel-structured 
LiNi0.5-2zRuzMn1.5O4 particles have been successfully synthesized by polymer 
assisted method (PA). With reduced particle size, the high rate electrochemical 
performances have been further improved compared to micron sized 
LiNi0.5-2zRuzMn1.5O4. 
The results presented here have demonstrated the ability of 4d transition 
metals doping to improve high-rate electrochemical performances of 
spinel-structured LiNi0.5Mn1.5O4 cathode materials. We believe that this strategy 
may pave the way for the practical application of spinel-structured transition 
metal oxides as cathode materials for next generation of high power lithium-ion 
batteries. 
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Chapter 1. Background, Motivation and 
Orientation 
This chapter firstly introduces the components of lithium battery and its 
operation mechanism. Then, the development history of lithium battery and basic 
classification will be introduced. Thereafter, the challenge for next generation 
lithium battery will be proposed, and the bottle neck of developing high power 
lithium batteries will be recognized as cathode materials. The subsequent literature 
review will describe and discuss the characteristics, advantages and disadvantages 
of three types of cathode materials. The limitations of each type on high power 
applications will be discussed. The last part of this chapter provides the purpose 
and strategies of this research project. 
1.1 Introduction to Rechargeable Lithium Batteries 
 





A battery consists of electrochemical cells that can convert chemical energy 
stored in cells to electric energy through electrochemical reactions.  The most 
attractive feature of a battery system is that it provides the portability of chemical 
energy with high energy conversion efficiency and almost no gaseous exhaust 
problem. As shown in Fig 1.1, a lithium battery consists of an anode, a cathode, 
electrolyte and separator between the two electrode materials. Both the anode and 
the cathode act as the sink for lithium ions. The electrolyte and separator provide 
the separation of ionic transport and electronic transport so that electricity can be 
utilized by the outer circuit. When lithium battery works, lithium ions flow through 





through the external circuit to do work [1-3]. Thus, the electrode system must allow 
for the flow of both lithium ions and electrons. That means the electrode material 
must both be a good ionic conductor and an electronic conductor. 
 
Lithium has the lightest weight among all metals, and the study of lithium 
batteries began at 1958 by Harris [4].  Lithium batteries can be categorized into 
two types according to whether they are designed to be rechargeable:  primary 
lithium battery and secondary (rechargeable) lithium battery.  In 1970s, 
commercialized primary lithium batteries such as Li/MnO2 and Li/SO2 batteries 
firstly entered into the market. Primary lithium batteries are only used in single 
discharge and then will be discarded since the active materials have been consumed. 




market used Li/TiS2 and Li/MoS2 systems. Both TiS2 and MoS2 are mixed 
ionic-electronic conductors and able to insert and extract lithium from their host 
structures. These first generation lithium rechargeable batteries can provide 2 V of 
electricity during operation; however neither of them was successful since metallic 
lithium anode causes severe safety problem after repeated charge/discharge [5]. It 
is not until 1990s the concept of LixC6/LiCoO2 system realized by Sony 
Corporation that the rechargeable lithium batteries began to be accepted by the 
market [3]. Since the metallic lithium anode is replaced by Li
+
 ion containing 
graphite, only positively charged lithium ions are transferred between anode and 
cathode. This type of rechargeable lithium batteries are named as lithium ion 
batteries. Meanwhile, the transition metal chalcogenide cathodes were replaced by 
transition metal oxides cathode which can provide higher voltage for lithium ion 
batteries. 
 
Lithium ion batteries powered portable electronic devices such as laptop, cell 
phone and digital camera, are very popular. The feasibility of these portable 
appliances depends on portable power source that is powerful, durable and 
economical. In the past twenty years, lithium ion batteries due to their high energy 
density, relatively long service lifetime and no memory effect have successfully 
dominated the portable power sources market. The modest power density of 
traditional lithium ion batteries using LiCoO2 can basically satisfy the requirements 




of fossil fuel reserves, the demands to develop advanced energy storage and 
conversion system, which has higher power density and safer properties, have 
become greatly intensified for application in electric vehicles (EVs) or hybrid 
electric vehicles (HEVs). However, traditional lithium ion batteries using 
LixC6/LiCoO2 generally cannot meet the requirements of these high power 
applications due to low power density and safety problems. To achieve higher 
power density of single lithium battery, either current density or voltage must be 
increased, or both of them. Output voltage and current are mainly determined by 
the properties of the anodes and cathodes of the batteries.  
 
Graphite, which has a large theoretical capacity of 372 mAh g
-1
 and low 
operation voltage of 0.1 V vs. Li/Li
+
, has been proven to be a reliable anode 
material in commercial lithium ion batteries even under relatively high current 
density [6]. However, further increase in current density will cause severe 
polarization on graphite causing metallic lithium to be deposited on the surface of 
graphite [7, 8]. Safety problems will emerge if such process is repeated many times 
due to growth of lithium dendrite. In recent years, many new anode materials 
including transition metal oxides and silicon based compounds have been studied 
as potential candidates for high power applications [9-12]. These newly developed 
anode materials have exhibited extraordinary capacity and safety characteristics. 
On the other hand, cathode materials have become the major difficulty in achieving 




past decade, extensive research works have been carried out to develop novel 
cathode materials for high power applications. 
 
After nearly twenty years of extensive research work, various cathode materials 
have been developed for lithium ion batteries, which can generally be divided into 
three types according to their crystal structures. The first is the cathode materials 
with layered structure, which is also the first cathode materials used in lithium ion 
batteries; the second type is spinel structured cathodes while the last one is olivine 
structured cathodes. 
 
1.2 Literature review 
 
1.2.1 Cathode materials with Layered structure 
Cathode materials with layered crystal structure LiMO2 (M=transition metals) 
have dominated the lithium rechargeable batteries market for almost twenty years. 
From Fig 1.2 it can be seen that the basic structure of LiMO2 is built by oxygen 
ions which are arranged in a closed packed way, in which O-M-O layers are 
bonded together through Li ions between them [3]. Layered structure provides a 
two dimensional pathway for lithium ion diffusion. During charge/discharge 



















Fig 1.4 Energy vs. density of states of Co
3+/4+
 for LiCoO2 
 
 
The representative of cathode materials with layered structure is lithium cobalt 
oxide (LiCoO2).  In 1991, Sony Company used LiCoO2 as the cathode material 
combined with a graphite anode to make the first commercial lithium ion battery.  
At present, lithium ion batteries using LiCoO2 have taken up more than 90% of the 
world‟s lithium battery market [2, 3].  In LiCoO2, both Li and Co occupy the 
octahedral sites. Theoretically, it can provide a promising capacity of 274 mAh g
-1
 
if all lithium can be extracted, however practically only about 130 mAh g
-1
 can be 
reversibly used at around 3.9 V as shown in Fig 1.3 [3]. This is because only 0.5 Li 
per formula can be reversibly extracted without causing dramatic cell structure 




evolution of oxygen gas from lithium deficient phase and HF attack from 
electrolyte. This phenomenon is known as overcharge and can be simply explained 




 in LiCoO2 as shown in Fig 1.4. In this 
layered structure, Co
3+
 adopts a low spin state with an empty eg level and 6 
electrons on t2g level, while its t2g level is overlapped with O
2-
 2p level. Upon 
lithium extraction, electrons have to be removed from Co
3+
 t2g level since no 
electrons occupy eg level. With half the lithium ions extracted, voltage increases to 
nearly 4 V thereafter electrons in O
2-
 2p level will easily escape since there is a 
large overlap between the active Co
3+
 t2g level and O
2-
 2p level. Eventually O and 
O2 will form and escape from the original structure resulting in structural instability 
and safety problems [14, 15]. On the following discharge process, not all electrons 
can return to the cathode due to lack of acceptors which also limits the reversible 
insertion of lithium ions. In addition, at the charge state Co
4+
 is venerable to HF 
attack which comes from the interaction of moisture with the electrolyte salt LiPF6 
[2]. It is well known that HF could erode electrode materials thus deteriorate their 
properties. Much research works have been done to enlarge the reversible discharge 
capacity of LiCoO2. Al, Mg and Zr have been chosen to partially substitute Co 
forming LiMxCoO2 which showed some improvements in electrochemical 
performances [16-19].  Jaephil Cho et al. [20, 21] first showed that the capacity 
can be enlarged to 170mAh g
-1
 by coating metal oxide or phosphate on the surface 
of LiCoO2. The mechanism is that coated materials could minimize the reactivity 
of Co
4+




Although LiCoO2 has been a great success in commercial lithium battery market, 
developing alternatives is necessary because of its pronounced drawbacks which 
limit its applications in the future. Firstly, cobalt is expensive so that it is too 
expensive to make large-scale battery. This directly limits its applications in hybrid 
electric vehicles [2, 22]. Secondly, LiCoO2 is unstable over a wide range of 
temperature and the battery could easily go into thermal runaway which causes 
safety problems in its applications [23]. Thirdly, cobalt is toxic causing severe 
environmental problem so that it is not suitable as the next generation cathode 
materials. Many other cathode materials with layered structure have been studied to 
replace LiCoO2, such as LiNiO2, LiMnO2, LiNi0.5Mn0.5O2, LiNi1/3Mn1/3Co1/3O2 and 
the latest Li2MnO3-stabilized LiMO2.    
LiNiO2 is isostructural with LiCoO2, and is more economical than LiCoO2 since 
Ni is more readily available than Co [24]. In layered structure, the 
electrochemically active eg level of Ni
3+
 (t2g6 eg1) is pinned at the top of the O
2-
 2p 
level, which is less prone to oxygen evolution compared to LiCoO2. In addition, its 
redox potential is more negative than that of LiCoO2 so that it is less prone to 
electrolyte oxidation problem [3, 24].  However the larger discharge capacity of 
LiNiO2 can only be exhibited in its initial cycles due to the formation of Li0.85NiO2 
[3]. After the first cycle, lithium intercalation/deintercalation process is highly 
reversible. Several problems have been found during the synthesis of layered 









many phases Li1-yNi1+yO2 0≤ y <0.4 during synthesis makes it difficult to identify 
the existence of stoichiometric LiNiO2, while the excess Ni in Li1-yNi1+yO2 lying in 
lithium layer can reduce the lithium diffusion coefficient. At the same time, due to 
the volatility of Li2O at elevated temperatures, thermal treatment of LiNiO2 will 
result in decrease in the lithium content. Such compounds with low lithium content 
appear to be unstable due to the high effective equilibrium oxygen partial pressure 
[25, 26].  
Similar to LiNiO2, LiMnO2 is also isostructural with LiCoO2, and Mn is 
environmentally friendly [3, 27]. This makes LiMnO2 a promising alternative for 
LiCoO2.  In addition, the electrochemically active eg level of high spin Mn
3+
 
(t2g3eg1) is separate from O
2-
 2p level making it less prone to oxygen evolution 
problem upon charge. LiMnO2 maximally has a capacity of 160 mAh g
-1
 from 2.5 
to 3.8 V [3].  However, in practical reversible capacity is much less because on 
cycling layered Li0.5MnO2 can transform into spinel structured LiMn2O4 which is 
more stable [28]. This phase transition from layered to spinel structure can easily 
occur since both the two phase adopt the same cubic close packed oxygen lattice, 
and the transition only requires metal ions diffusion from octahedral to tetrahedral 
sites. This layered to spinel phase transformation process will severely degrade its 
electrochemical performance since it is irreversible.  Therefore, LiMnO2 suffers 
from a limited cycling stability which can be ascribed to its structural instability 
during charge/discharge process. To inhibit such transition, Co and Ni are used to 




doping did have some positive influence on its electrochemical performances 
[29-32]. Among them, LiNi1/2Mn1/2O2 exhibits the best performances. 
Layered LiNi1/2Mn1/2O2 is firstly reported by Dahn et al. in 1992 [33]. According 
to its formula, Ni and Mn can be either both trivalent or Ni divalent and Mn 
tetravalent. X-ray adsorption spectroscopy and first principle calculation results 




 have strong octahedral 





 which also have strong tendency to occupy the octahedral sites. Therefore they 
are unlikely to diffuse to lithium layer upon cycling compared to LiMnO2. Ohzuku 
et al. have reported in 2003 that LiNi1/2Mn1/2O2 can deliver 200mAh g
-1
 of 
rechargeable capacity when it is charged/discharged between 2.5 V and 4.5 V [3, 
34], but this result can only be obtained at low current densities due to some extent 
of Li/Ni mixing at the initial state. Many methods have been employed to reduce 
the extent of Li/Ni mixing; however improved high rate capabilities were only 
achieved at the cost of productivity [35, 36].   
LiNi1/3Mn1/3Co1/3O2 with layered structure is another hot topic of research in 
recent years. It is firstly proposed by Ohzuku et al. in 2001, and showed superior 
electrochemical performances compared to traditional LiCoO2 [37]. 
LiNi1/3Mn1/3Co1/3O2 maximally can provide 200 mAh g
-1
 between 2.5 and 4.6 V, 
and its rate capability is also much better than that of layered LiNi1/2Mn1/2O2 [38]. 
Earlier research works showed that Co doping in LiNi1/2Mn1/2O2 has a strong effect 




reduction in cation mixing level is also found in LiNi1/3Mn1/3Co1/3O2 compare to 
LiNi1/2Mn1/2O2, and this enables a better rate capability for LiNi1/3Mn1/3Co1/3O2 
[28].  However, like other layered cathode materials described above, when it is 
charged at above 4.2 V LiNi1/3Mn1/3Co1/3O2 tends to lose oxygen ion from its 
lattice for the same reason as described above, and leads to large irreversible 
capacity at higher voltage. 
Recently, Li2MnO3-stabilized LiMO2 has been proposed by Argonne National 
Laboratory based on a simple idea of introducing structural stabilizer into layered 
cathodes [39]. Li2MnO3 has a layered structure, which can be formulated as 
Li[Li1/3Mn2/3]O2. Its crystal structure is different from those of LiNi1/2Mn1/2O2 and 
LiNi1/3Mn1/3Co1/3O2 since Li2MnO3 has Li/Mn layers (1:2) instead of pure 
transition metal layers. Interestingly, the close packed oxygen layers of these 
compounds have a similar interlayer spacing of 4.7 Å, therefore allowing the 
mixing of Li2MnO3 with LiMO2 at the atomic level [39]. When the potential is 
between 4.4 and 2.0 V vs. Li/Li
+
, the layered LiMO2 component is 
electrochemically active and works as a cathode for lithium insertion and extraction. 
However, the Li2MnO3 is an electrochemically inactive component within this 
potential range, since all the manganese ions are tetravalent in Li2MnO3 and cannot 
contribute electrons upon charge. Meanwhile, lithium ions are not allowed to be 
inserted into Li2MnO3 by reducing Mn ions, since no energetically suitable 
interstitial sites exist in this structure. Therefore, between 2.0 and 4.4 V, the 




material [39, 40]. In addition, Li2MnO3 distributed in the LiMO2 cathode can act as 
solid electrolyte constituents which are able to facilitate Li
+
 ions‟ transport between 
the electrochemically active LiMO2 regions of the structure. During the charge 
process below 4.4 V, lithium ions are extracted from the electrochemically active 
LiMO2 such as LiNi1/2Mn1/2O2; depletion of lithium at the lithium layer will cause 
structural instability and tends to lose oxygen from the lattice. With the lithium rich 
Li2MnO3-stabilizer distributed at the atomic level of LiMO2, lithium ions can easily 
diffuse from octahedral sites of Li2MnO3 to lithium depleted layer of LiMO2, 
therefore structural stability of the active component will be maintained [28, 39]. If 
the charge potential further increases to above 4.4 V, lithium will be extracted from 
the Li2MnO3 and oxygen also will be released from the lattice, and the net loss can 
be considered as Li2O [28]. For every two lithium ions extracted from Li2MnO3, 
only one can be reinserted back in the following discharge process, therefore 
irreversible capacity loss is inevitable at high voltage charge process. This type of 
layered cathodes is now under extensive research and development to further 
optimize its electrochemical performances. 
Besides designing new compound formulas, some researchers [41, 42] achieve 
better structural stability through the concept of “core-shell” structure and 
“concentration gradient cathode”. The basic idea of “core-shell” structure is using 
high capacity Li-Ni-Co-O compound as core material, while the LiNi0.5Mn0.5O2 
shell provides high structural stability. Therefore both the large capacity and good 




concentration-gradient cathode comes from the “core-shell structure”. The 
difference is concentration-gradient cathode eliminates the abrupt composition 
change at the interface of core and shell, and therefore concentration-gradient has 
better lithium diffusivity.    
 
1.2.2 Cathode materials with Spinel structure 
 
Spinel structured cathode materials are promising candidates for the next 
generation of rechargeable batteries due to their higher operation voltage compared 
to other types of cathodes and their relatively large reversible capacity [2, 3, 40]. 
The ideal spinel structure is formed by anions arranged in cubic closed packed way 
with one-eighth of the tetrahedral sites and half of octahedral sties occupied by 
cations. This type of materials has the general formula A[B2]X4 , where A is cation 
occupying tetrahedral site, B is cation occupying octahedral site and X is anion [5, 
43]. Compare to layered structure, spinel structure is more stable since the [B2]X4 
array forms strongly bonded three-dimensional framework, and therefore the 
crystal volume change in spinel structure caused by extraction/insertion of lithium 











Fig 1.6 Charge and discharge curves of LiMn2O4 
 
A typical spinel structured cathode material is LiMn2O4. It can be seen from Fig 
1.5 where its structure consists of a cubic closed packed array of oxygen atoms 




the octahedral 16d sites in the oxygen framework [43, 44]. The [Mn2]O4 array 
forms three dimensional framework of tetrahedral 8a, surrounding the octahedral 
16c sites. These empty tetrahedral sites and octahedral sites are connected together 
to form a 3D pathway for lithium ion diffusion [5, 44]. 
As shown in Fig 1.6 [45], the voltage profile of the LixMn2O4 with x=1 usually 
exhibits two plateaus at around 4.0V and 4.1 V. This 0.1 volt jump can be attributed 
to Li ordering over half of tetrahedral sites as x reaches 0.5 [46, 47]. Continue 
inserting lithium ions with x=1 will result in a new voltage plateau at around 2.9 V 
and additional lithium ions will occupy the octahedral sites forming a new phase 
tetragonal Li2Mn2O4. This structural change is also known as Jahn-Teller distortion 
characterized by severe crystal volume change [48]. The Jahn-Teller distortion in 
spinel structured manganese oxides is caused by dramatic lattice distortion around 
Mn
3+
 ion, which is also known as Jahn-Teller ion. Jahn-Teller distortion can cause 
particle cracking resulting in poor electrical conductivity. Therefore, Jahn-Teller 
distortion is considered as the origin of large capacity fading in the Li/LixMn2O4 
cells.  The criterion for the presence of J-T distortion in LixMn2O4 is the average 
valence of Mn being higher than 3.5 [46, 47, 49].  That means when x=1 or when 
it is discharged above 3.0 V, Jahn-Teller distortion could be avoided in spinel 
LiXMn2O4. LiMn2O4 was studied between 3.0 and 4.0 V, and the results showed 
that a promising capacity of 148mAh g
-1
 can be reversibly obtained which is 
comparable with the accessible capacity of LiCoO2. Moreover, the main operation 




enable a much higher power and energy density output.  However, LiMn2O4 used 
in the 3 to 4 V region still suffers significant capacity fading upon cycling, which 
can be ascribed to polarization. When LixMn2O4 is discharged, lithium ions are 
inserted into the spinel structure and the inserted lithium ions need time to diffuse 
from the surfaces of LixMn2O4 particles to the cores of the particles to occupy their 
equilibrium positions. However, in real conditions, the time for diffusion of lithium 
ions is limited due to large discharge rate, which makes the discharge process a 
non-equilibrium state; thus, a lithium gradient concentration may be present from 
the surface to the core of the LixMn2O4 particles [4, 50].  At the surface, x is 
greater than 1 while at the core x is still smaller than 1. Therefore, at the surfaces of 
such particles, the average valence of manganese ions is smaller than 3.5 which 
will cause severe Jahn-Teller distortion effect, and LixMn2O4 particles will be 
damaged from surfaces to inner side upon cycling. The higher the discharge current 
density, the more is the polarization and the faster the capacity fade.  
To overcome Jahn-Teller distortion, extensive research works have been carried 
out. Some researchers studied lithium doped Li1+xMn2-xO4 spinel which have 
smaller lattice parameter and an average oxidation state of manganese of 3.58 or 
higher [51]. The high average oxidation value does minimize the impact of 
Jahn-Teller distortion on cyclic performance [2]. Other research works showed that 
by diminishing oxygen deficiency the Jahn-Teller effective also can be minimized 
because oxygen deficiency in spinel lattice usually leads to lower manganese 




temperature cyclic performance of LiMn2O4 in the 3 to 4 V region can be 
significantly improved by partially substituting manganese with mono-, di- or 








to form LiMxMn2-xO4 [47, 49, 54, 
55]. By substituting manganese with these cations, the average oxidation state of 
manganese can be increased, thus it will be maintained above the critical value of 
3.5 when fully discharged to avoid Jahn-Teller distortion. 
Extensive research work has also shown that LiMxMn2-xO4 cathodes not only 
possesses higher Mn valence to minimize Jahn-Teller distortion, but also can 
exhibit additional charge/discharge plateau above 4.5 V. The new plateaus are 
attributed to redox reaction of transition metal ion M situated in the octahedral sites 
[43, 49]. Table 1.1 shows the different discharge plateaus corresponding to different 
M [41]. 
Table 1.1 Discharge plateaus above 4.5 V in LiMxMn2-xO4 




























The additional high discharge plateau above 4.5 V makes LiMxMn2-xO4 with 
spinel structure very attractive for high power applications such as in EVs and 
HEVs, which require high power density since under the same discharge current 
density, the higher the operation voltage, the higher the power density can be 
provided [24, 43]. Among all these transition metal doped LiMxMn2-xO4, the 
average oxidation state value of Mn in LiCrMnO4, LiCoMnO4 and LiNi0.5Mn1.5O4 
theoretically can reach 4, so that Jahn-Teller distortion can be maximally 
minimized and improved cyclic performance can be expected.  
The theoretical capacity can be calculated based on equation (1), 
  
      
 
                                 (1) 
where n is the total mole of electron can be transferred. Na is Avogadro's number, q 
is charge of single electron and M is the weight of 1 mole of active material. 
LiCrMnO4 has a theoretical capacity of 151 mAh g
-1
 at 4.8 V plateau; LiCoMnO4, 
145 mAh g
-1
 at 5.0 V plateau; and for LiNi0.5Mn1.5O4, 147 mAh g
-1
 at 4.7 V plateau 
[43].  All of these three compositions are very attractive. However, the observed 
capacity at the plateau above 4.5 V is 75, 95 and 130 mAh g
-1
 respectively [22, 43, 
56]. Concerning toxicity, cost and availability, LiNi0.5Mn1.5O4 is the most 
promising candidate which has shown good cyclic performance and rate capability 
at relative low rates [56].   
There are two types of LiNi0.5Mn1.5O4 with different space group P4332 and 




 ions exhibit 3:1 ratio ordering 






 are randomly distributed at the octahedral sites [56, 57]. Some amount of 
Mn
3+
 ions exist in disordered       phase due to the oxygen deficiency in this 
phase. The rate capability of the ordered P4332 LiNi0.5Mn1.5O4 is much worse 
compared with that of disordered       LiNi0.5Mn1.5O4. The conductivity of 










Further investigation identified the low conductivity of ordered P4332 phase to be 
mainly responsible for its poor rate capability, while its lithium diffusion 
coefficient is also lower than that of       LiNi0.5Mn1.5O4 [56, 58, 59]. The better 





. In disordered LiNi0.5Mn1.5O4, a certain amount of Mn
3+
 
exists due to oxygen defects, while Mn
3+
 ions are absent in the ordered 
LiNi0.5Mn1.5O4.  
1.2.3 Cathode materials with Olivine structure 
All the previously introduced cathode materials belong to transition metal oxides, 
of which the basic crystal structures are formed by oxygen ions. However, concerns 
over battery safety and synthesis cost have stimulated researchers to develop new 
cathode materials with more stable crystal structure and readily available 
precursors.  In 1997, olivine structured LiFePO4 cathode was reported [60], whose 
basic crystal structure contains large polyanions in the form of PO4
3-
.  In LiFePO4 
with olivine structure, all oxygen ions are firmly connected with P
5-




covalent bonds resulting in much more stable crystal structure than layered and 
spinel type oxides. In addition, both P and Fe are abundant on earth and its 
environmental benign makes LiFePO4 with olivine structure a promising candidate 
as cathode material for the next generation lithium ion batteries. 
 









Fig1.7 shows the crystal structure of LiFePO4. The main framework of LiFePO4 
is constructed by FeO6 octahedra interconnected with PO4 tetrahedra by edge and 
corner sharing. Such way a stable three dimensional structure is created with Li 
ions lie in one dimensional tunnel parallel to the plane of corner shared FeO6 
octahedra.  Initial electrochemical test showed that pure LiFePO4 can provide an 
attractive reversible capacity of 170 mAh g
-1
 at 3.5 V [60].  The charge/discharge 
curves of LiFePO4 with olivine structure are extremely flat as show in Fig 1.8, 
which is quite different from that of layered and spinel structured cathode materials. 
For layered and spinel cathodes such as LiCoO2 and LiMn2O4, extraction/insertion 
of lithium ions will result in solid solutions of LixCoO2 and LixMn2O4. While, 
insertion/extraction of lithium ions in/from LiFePO4 will cause the coexistence of 
two phases. Extraction or charge of LiFePO4 can be written as 




 → xFePO4 + (1-x)LiFePO4 





 → xLiFePO4 + (1-x)FePO4 
It is well known that the two phase coexisting system in the equilibrium condition 
has a constant chemical potential, which directly determines the charge/discharge 
voltage. Therefore LiFePO4 has extremely flat charge/discharge curves. 
The reversible capacity of LiFePO4 is much higher than that of LiCoO2 and 
LiMn2O4, but this result can only be obtained at extremely low current rate for 
pristine LiFePO4. At a higher current rate, its accessible capacity is very low [62].  














However, as seen in Fig 1.7, each FeO6 octahedra is separated by PO4
3-
 polyanion 
with large electronegativity, and consequently the transportation of electrons is 
very difficult. On the other hand, transportation of lithium ions is also very sluggish 
in LiFePO4. As described above that Li ions are confined in one dimensional tunnel 
parallel to FeO6 plane, its diffusion pathway is also mainly in one dimension (b 
axis and [010] orientation) in olivine structure [64, 65]. There are two key 
drawbacks in such one dimensional pathway. Firstly, lithium ions have to move in 
or out one by one in a particular direction or face of LiFePO4 crystal which gives 
limited sites for lithium ions insertion and extraction. Secondly, one dimensional 
tunnel is vulnerable to be blocked by foreign atoms or defects leading to slower 
lithium ions transportation. 
   To overcome these drawbacks, various methods have been applied to improve 
the electronic and ionic conductivity of LiFePO4. Cation doping method has been 
adopted to improve the conductivity, and the electronic conductivity of newly 
formed compound Li1-xMxFePO4 (M=Nb, Zr and Ti) can be dramatically increased 
to 1×108 times higher than that of pristine LiFePO4 [63], which is also comparable 
with LiCoO2 and LiMn2O4. However, the mechanism for improved electronic 
conductivity through cation doping remains controversial [28, 63, 66]. Marnix et al. 
[67] believe that this improvement in conductivity could be due to the formation of 




structure. Carbon coated composite is the other effective way to enhance 
conductivity and electrochemical properties of olivine structured LiFePO4 [68, 69]. 
With huge improvements in electronic conductivity achieved through doping and 
surface coating, many researchers have been working on improving the ionic 
conductivity of LiFePO4. Extensive research works have pointed out that lithium 
ions move faster along the b axis or [010] direction than along a and c axis in 
olivine structured LiFePO4, and rapid transportation of lithium ions should be 
realized by reducing the LiFePO4 crystal size along the b axis [70-72]. Therefore, 
LiFePO4 with suppressed b axis have successfully been synthesized, and improved 
electrochemical performances have been reported [65, 73, 74]. Recently, Kang et al. 
have claimed that ultra fast charging and discharging (10-20 seconds) ability can be 
obtained from controlled off-stoichiometric LiFe0.9P0.95O4 [75]. They argued that 
this unusually high rate performance is due to formation of Li4P2O7-like amorphous 
phase with high lithium ion mobility. Subsequently, Zaghib et al. questioned this 
result and pointed out that there is no substantial evidence of existence of 
Li4P2O7-like amorphous phase, but that this ultrafast charging/discharging 
performance may be due to unusually large content of carbon [76]. This 
controversial result is still waiting to be further clarified.       
Besides LiFePO4, other olivine structured cathodes including LiMnPO4, 
LiCoPO4 and LiNiPO4 have also drawn a lot of attention. The operation voltage vs. 
Li
+
/Li can be increased to 4.1 V, 4.8 V and 5.1 V for LiMnPO4, LiCoPO4 and 




most promising. It has a large capacity of 170 mAh g
-1
 similar to that of LiFePO4 
with an operation voltage of 4.1 V, which is compatible with commercial 
electrolyte. Thus it can directly replace the currently used cathode materials 
without major modification of other components in Li-ion batteries. In addition, 
Mn is an environmentally benign element that can satisfy strict environmental 
protection regulations. However, previous research works have found that at 
relatively high rate, only little capacity can be released by LiMnPO4 due to its poor 
electronic conductivity [79, 84]. Although carbon coating has been proven to be 
effective to enhance electronic conductivity of LiFePO4, it is difficult to form 
carbon coating on LiMnPO4. Because carbon thermal reduction of LiMnPO4 occurs 
at above 1000 ºC [28], no carbon can be left.  Olivine structured LiCoPO4 also 
suffers from low conductivity which leads to low accessible capacity.  The 
operation voltage of LiNiPO4 is too high to use current commercial electrolyte. 
 
1.3 Limitations of High Power applications 
Nowadays, almost all research works on cathode materials of lithium batteries 
are aiming at high power applications due to the huge potential market. Stimulated 
by urgency of environmental protection and exhaustion of fossil fuel reserves, 
electric vehicles (EVs) and hybrid electric vehicles (HEVs), which less rely on 
fossil fuel and cause less air pollutions, are very attractive to modern society. At the 
end of the first decade of the twenty first century, many companies such as 




powered by Li-ion batteries into market. The era of electric vehicles has dawned. 
However, performances of the first generation EVs are far behind that of vehicles 
run on conventional fossil fuel. Generally, these EVs can only run for 100 km per 
single charge using pure electric mode, and a full charge usually takes about 8-12 
hours. Moreover, compared to conventional vehicles, their acceleration 
performance and climbing capacity are very poor. These drawbacks basically can 
be ascribed to their energy limited and power limited Li-ion batteries, which are 
now still using graphite as anode and LiMn2O4 or LiFePO4 as cathode. To fully 
replace conventional fossil fuel powered vehicles, the next generation of Li-ion 
batteries with higher energy and power density must be developed and 
commercialized.  
To improve the energy density and power density, either the operation voltage or 
the operation current must be increased, or both of them. Currently, the bottleneck 
in developing high power Li-ion batteries mainly lies in the cathode materials.  
Traditional cathode materials with layered structure such as LiCoO2 and 
LiNi1/3Mn1/3Co1/3O2 are absolutely not suitable for use in EVs and HEVs even 
though they possess attractive theoretical capacity of above 200 mAh g
-1
. If the 
voltage level is pushed to higher operation voltage above 4.2 V, their crystal 
structures would crash by losing oxygen ions as described earlier. Moreover, the 
loss of oxygen may cause fire and explosion with the flammable electrolyte. On the 
other hand, their high current rate performances are also not satisfactory yet. 




have made great success, they have not met the requirements of the arising EV 
industry. Currently most commercialized EV and HEV such as NISSAN leaf and 
GM volt are using and/or planning to use cathode materials with spinel structure 
and olivine structure. 
LiMn2O4 with spinel structure is the first cathode material used in 
commercialized EVs and HEVs. Generally, it has a stable crystal structure during 
charge and discharge compared to layered structure, and provides relatively high 
safety operation conditions. Furthermore, spinel structured LiMn2O4 is the first 
cathode material that can safely provide high voltage above 4.0 V enabling higher 
power output, while traditional layered cathode materials can only safely work at 
about 3.6 V.  In addition, Mn is readily available and environmentally benign 
compared with Co. However, LiMn2O4 has a drawback that is difficult to overcome. 
The large amount of Mn
3+
 ions in LiMn2O4 makes its crystal vulnerable to be 
destroyed by Jahn-Teller distortion, especially under the condition when large 
current is applied. Therefore, Li-ion batteries containing LiMn2O4 lack the ability 
of fast discharge, which limits the power provided to EVs/HEVs.  Both General 
Motors and NISSAN have announced that their next generation of EVs/HEVs will 
be equipped with safer and more powerful cathodes materials rather than spinel 
LiMn2O4.  
LiFePO4 with olivine structure has been a promising candidate for EVs/HEVs 
application for nearly 10 years. It possesses the most stable crystal structure among 




problems for high power applications. It also has a promising accessible capacity of 
nearly 170 mAh g
-1
, much higher than that of spinel LiMn2O4. By formation of 
LiFePO4/C composite, it is able to provide high current density during discharge. 
Possessing many advantages, it has not been used in commercialized EVs/HEVs. 
The main problem lies in its low intrinsic density. Layered LiCoO2 has an intrinsic 
density of 5.1 g cm
-3
, and spinel structured LiMn2O4 has an intrinsic density of 4.2 
g cm
-3
, while the intrinsic density of olivine structured LiFePO4 is only 3.6 g cm
-3
 
[85]. That means, to make batteries with the same weight using these three 
different cathode materials, the volume of LiFePO4 must be much larger than that 
of LiCoO2 and LiMn2O4. Therefore the geometry size of the battery pack will 
dramatically increase if LiFePO4 is used as cathode, which is undesirable in 
EVs/HEVs applications. As a matter of fact, General Motors has postponed its plan 
in using LiFePO4 as cathode in HEVs, and put more attention on other cathode 
materials [86]. NISSAN has also announced that LiFePO4 will not be used in its 
next generation EVs [87]. In the progress of battery safety design and sophisticated 
battery modules‟ monitoring and control system, the safety problems of Li-ion 
batteries using layered and spinel structured cathodes will eventually diminish, and 
LiFePO4 will gradually lose its safety advantage.  
1.4 Present Research Orientation on Spinel-structured 
oxides 




characteristics to meet the requirements of high power and energy applications:  
a) Stable crystal structure during electrochemical cycling, especially at high 
current density; 
b) High safety and good cyclic performance; 
c) High power output; 
d) Large accessible capacity. 
  
Many material systems have therefore been developed, such as 
Li2MnO3-stabilized layered-layered composite with much larger capacity and 
improved crystal stability [39, 85], and modified olivine structured LiFe1-xMxPO4 
which can provide high operation voltage above 4.0 V [89-91].  
  
Another material is the spinel-structured LiNi0.5Mn1.5O4 that is derived from 
LiMn2O4 having significant reversible capacity at about 4.7 V vs. Li/Li
+
 [57, 92, 
93].  Such high operation voltage of LiNi0.5Mn1.5O4 can open up new prospects 
for the next generation of lithium batteries with higher energy and power densities 
[94].  The average valence of Mn in LiNi0.5Mn1.5O4 structure is nearly 4, which 
could avoid the J-T structural distortion and acid attack from the electrolyte, thus 
LiNi0.5Mn1.5O4 exhibits significantly improved cyclic performance compared to 





Although it possesses many advantages, LiNi0.5Mn1.5O4 still encounters many 
obstacles for high rate applications including low accessible capacity and poor 
cyclic performance. Many mechanisms including reaction with electrolyte, 
existence of LixNi1-xO impurity and formation of three cubic phases during cycling, 
have been proposed to overcome the unsatisfactory high rate performances.  
Surface coatings with ZnO, SiO2, and Bi2O3 have therefore been proposed to 
enhance the stability of the electrodes [98-100]. Cationic doping using 3d transition 
metals (Cr, Co, Fe and Cu) have also been adopted to eliminate LixNi1-xO and 
stabilize its crystal structure [101-106]. These efforts have made some 
improvements in the electrochemical performances, especially at low current rates.  
  
Relatively low conductivity of LiNi0.5Mn1.5O4 is another main drawback 
restricting its high-rate performance.  As a result of the low conductivity, Li
+
 ions 
are easily piled-up on the surfaces of cathode particles forming Li2-δNi0.5Mn1.5O4 
(δ<1) during high-rate discharge, and high concentration of Mn3+ ions will be 
present due to charge neutrality. Upon cycling, pronounced J-T distortion caused 
by these Mn
3+
 ions on the surfaces of the particles gradually deteriorate the cathode 






Fig 1.9 Illustration of damage of LiNi0.5Mn1.5O4 particle at high rate discharge 
caused by low conductivity. 
 
 
To enhance their conductivity, nano-sized LiNi0.5Mn1.5O4 has been synthesized 
by various methods to shorten the transportation length of Li
+
 ions and electrons; 
consequently, improved high-rate performances have been achieved [59, 107-109]. 
Another strategy often used is to dope the framework with a 3d transition metal ion 
to enhance inherent conductivity, and greatly improved high rate performances 
have been achieved [104, 105, 110].  
Few reports have however been published regarding doping 4d transition metals 
including Ru, Rh and Nb into LiNi0.5Mn1.5O4. In comparison with 3d orbitals, the 
4d orbitals with larger radius of the second row transition metal ions overlapping 
with the 2p orbitals of oxygen may favor wider conduction bands [111, 112]. Some 
of their own oxides such as RuO2, RhO2 and Rh2O3 show metallic conductivity or 




such as BaMoO3, SrMoO3, SrRuO3, SrTi1-xNbxO3, and SrTi1-xRuxO3 exhibit 
superior conductivity [111-114]. Some of them like RuO2 and Li2RuO3 have been 
proven as promising electrode materials for high power lithium ion batteries [115, 
116].  It is noticed that delocalized electron configuration of d orbitals might also 
play an important role in obtaining improved electronic conductivity. For example, 
SrTiO3 is a well recognized insulator, of which the Ti
4+
 possesses stable d orbitals 
(3d
0
). In contrast, SrRuO3 and SrTi1-xRuxO3 show much better electronic 
conductivity, of which the Ru
4+





 2p orbitals, which is considered as the main origin of enhanced 
conductivity [112, 117]. The electronic conductivity of SrTi1-xNbxO3 is also much 
higher than that of SrTiO3. Although Nb
5+





 ions with delocalized d orbitals (3d
1
) are presented after Nb 
doping, which has also been suggested as the reason for improved conductivity 
[118, 119]. It seems that delocalized d orbitals overlapping with O
2-
 2p orbitals are 
beneficial to yield good electronic conductivity. 
Taking all the above into consideration, it is reasonable to infer that the intrinsic 
conductivity of spinel structured LiNi0.5Mn1.5O4 could possibly be improved by 
properly doping with selected 4d transition metals.   
In this research work, the 4d transition metal doping has been adopted as the 
major strategy to improve the high rate performances of spinel-structured 
LiNi0.5Mn1.5O4 through enhancing the conductivity of LiNi0.5Mn1.5O4. The effects 




explored and discussed. In Chapter 2, selection of proper 4d transition metals as 
dopants will firstly be discussed while the corresponding doping sites will be 
determined. Secondly, synthesis methods and characterization techniques for 
investigating as-synthesized cathode materials will be introduced. Thirdly, detailed 
procedures of electrochemical experiments including battery assembly, 
charge/discharge test at low rate, rate capability test, cyclic performance test, and 
lithium ion diffusion coefficient measurement will be described. In Chapters 3, 4 
and 5, the Ru, Rh and Nb doped LiNi0.5Mn1.5O4 cathodes will be designed and 
synthesized by solid state reactions. The obtained cathode materials will be 
characterized and carefully examined using electrochemical tests. High rate 
performances of these newly designed cathodes will be compared with the 
non-doped LiNi0.5Mn1.5O4 cathode. Mechanisms behind the different 
electrochemical performances of these cathodes will be discussed. In Chapter 6, to 
further improve the high rate electrochemical performances, several nano-particle 
synthesis methods will be employed to prepare the phase pure Ru doped 
LiNi0.5Mn1.5O4 cathodes since reduced charge transportation distance may be 
benefit to high rate electrochemical performances. The as-synthesized Ru doped 
LiNi0.5Mn1.5O4 cathodes with reduced particle size will be carefully characterized 
and compared, and the phase pure products will be selected for electrochemical 





Chapter 2. Experimental Methodology 
2.1 Material design 
The main purpose of this research project is to improve the electrochemical 
performances of the spinel-structured LiNi0.5Mn1.5O4 at high current rate by 
adopting 4d transition metal doping strategy. As introduced in Chapter 1, 4d 
transition metal ions possess large 4d orbitals and delocalized electronic 
configurations would be appropriate doping candidates. To properly design new 
LiNi0.5Mn1.5O4 based cathodes, both the dopants and doping targets should be 
reasonably selected. 
 
To maintain the existed superior characteristics of LiNi0.5Mn1.5O4 such as high 
operation voltage (4.7 V vs. Li/Li
+
) and stability during charge/discharge at modest 
current rate, doping experiments should not dramatically alter the standard spinel 




 would occupy the octahedral sites in 
LiNi0.5Mn1.5O4 making them both the possible doping targets. Movement pathway 
of electrons in LiNi0.5Mn1.5O4 is generally considered as -Ni-O-Ni-O-, and thus 
both the overlap between Ni 3d orbitals and O 2p orbitals, and the electronic 
configuration of Ni 3d orbitals would play important roles in electronic 
conductivity. Most Mn ions in LiNi0.5Mn1.5O4 are tetravalent and are unable to 




electron transfer.  Therefore, using proper 4d transition metal ions to substitute Ni 
ions is much more reasonable for the purpose of improving the electronic 
conductivity. 
 
Table 2.1 Electronic configuration and ionic radius of some transitional metal ions 
Transition metal ion electronic configuration 
of d orbitals 














































 (eg0 t2g0) 0.59 Å [121] 
 
Table 2.1 compares d orbitals‟ electronic configurations and octahedral 




 and some 4d transition metal ions that are of 





 is only 0.53 Å and 0.69 Å respectively. Most 4d transition metal 
ions listed in Table 2.1 are much bigger than Mn
4+
, therefore, it would be very 
difficult to substitute Mn
4+




research work has also shown that it is difficult to obtain phase pure spinel 
structured product by using Ru
4+
 (0.62 Å) to replace Mn
4+
 (0.53 Å) in 
LiNi0.5Mn1.5O4 [124], which is in agreement with the present observation. The 





 is easier to be substituted compared to Mn
4+
.  




 possess stable 3d orbitals with full-filled 

















possess delocalized 4d orbitals, since the number of 4d electrons of these ions 






















) possess stable d orbitals with half-filled or 
empty eg and t2g levels. The large radius of their 4d orbitals may also be beneficial 
to improve the conductivity by overlapping the O 2p orbitals. However, the ionic 
radius of Mo
6+
 is too small compared to Ni
2+
; and formation of Mo
4+
 is very 
difficult, which usually requires a reduction process in H2 atmosphere [125, 126]. 











Since these dopants possess higher valence state than that of Ni
2+
, formulas of 
the new cathodes must be slightly deviating from the standard spinel formula of 
AB2O4 to maintain charge neutrality and avoid introducing undesired Mn
3+
 ions. 
Therefore some defects or additional atoms will be introduced into the new 
formulas. It also should be noted that Ni is the major electron contributor in 




reduction in accessible capacity. In addition, 4d transition metals are expensive 
which also requires the doping content to be controlled in a reasonable level.   
By considering the above requirements for the doping experiments, several new 
formulas have been designed for synthesis and characterizations. For Ru doped 
samples, a general formula of Li1.1Ni0.35Ru0.05Mn1.5O4 and LiNi0.5-2zRuzMn1.5O4 
(z=0, 0.01, 0.03 and 0.05) is designed. Ru doped into the spinel lattice is designed 
to have a valence state of 4+. For Rh doping experiments, formulas of 





 doping. For Nb doping experiments, formulas of 
LiNi0.4Nb0.05Mn1.5O4 and LiNi0.4Nb0.04Mn1.5O4 and LiNi0.425Nb0.03Mn1.5O4 are 
adopted by considering Nb
4+
 doping and Nb
5+
 doping. Detailed design of materials 
will be described in following chapters. 
2.2 Material synthesis methods 
Solid state reactions and several chemical synthesis methods have been utilized 
to synthesize phase-pure spinel-structured materials with different particle sizes.  
For solid state reactions, the basic starting materials are LiOH, NiO, and MnO2. 








 are used as 
precursors for doping. Commercial RhO2 is difficult to access, and thus all Rh 
doping experiments use Rh3O2 as precursor. Stoichiometric amounts of these 
mixtures will firstly be ball-milled for 2 hours by a Spex ball-milling machine to 




that spinel LiNi0.5Mn1.5O4 formed by solid state reactions can crystallize between 
600 ºC and 800 ºC. Below 600 ºC, full crystallization cannot be achieved leaving 
many precursors; but when temperature is much higher than 800 ºC, large amount 
of O will escape from lattice resulting in impurities [56, 92, 93, 127].  From these 
results on solid state reactions, in the present research work the obtained mixtures 
from ball-milling will firstly be calcined at 650 ºC for 5 hours, then grounded for 1 
hour followed by calcination at 800 ºC for 15 hours to obtain the final products. 
Three chemical synthesis methods have been used to synthesize phase-pure 
spinel-structured LiNi0.5-2zRuzMn1.5O4 (z=0, 0.01, 0.03 and 0.05) particles with 
submicron or nano size. Initial attempts made use of pechini method (PE) and 
Resorcinol-formaldehyde assisted method (RF). These two methods have been 
proven to be effective to produce highly crystallized LiNi0.5Mn1.5O4 with spinel 
structure.  The final success is achieved through a polymer assisted mechanical 
activation method (PA).  
For the pechini method, citric acid (99% Sigma-Aldrich) and ethylene glycol (99% 
Sigma-Aldrich) were firstly mixed in a 1:4 molar ratio and heated to 90°C to form 
a clear solution. Stoichiometric amount of LiNO3 (99% Sigma), Ni(NO3)2·6H2O 
(99% Aldrich), Mn(NO3)2·4H2O (>97% Sigma-Aldrich) and RuCl3 (Ru content 
45~55% Aldrich) were then added to the previously prepared solution and 
dissolved by constant stirring. The resulting solution was heated to 140 ºC for 
complete formation of a brown gel. The gel was finally preheated at 400 ºC to 




ºC for 8 hours to obtain the final products.  
For the Resorcinol-formaldehyde assisted method (RF), stoichiometric amounts 
of LiCH3COO·2H2O (99% Fluka), Ni(CH3COO)2·4H2O (99% Fluka), 
Mn(CH3COO)2·4H2O (99% Fluka) and RuCl3 (99% Fluka) in quantities of 0.02 
mol LiNi0.5-2xRuxMn1.5O4 were dissolved in 100 ml water which contains 0.1 mol 
resorcinol C6H4(OH)2 (99% Fluka) and 0.15 mol formaldehyde CH2O (Fluka, 36.5% 
in water, methanol-stabilized). The mixture formed was then heated at 90 ºC until 
viscous. A dark brown mixture was formed after further heated at 120 ºC for 24 h 
to remove water. The dark brown mixture was then preheated at 400 ºC for to 
remove organic residues and then calcined at 700 ºC to obtain the final products. 
For the polymer assisted mechanical activation method (PA), LiOOCCH3·2H2O, 
Mn(OOCCH3)2·4H2O, Ni(OOCCH3)2·4H2O and RuCl3 were firstly 
stoichiometrically mixed with H2C2O4.2H2O and ground in a planetary Restach ball 
mill for 2 hours to obtain a homogeneous mixture. 40 ml polymer (PEG-400) was 
then added while grinding continued for 12 hours; finally, the mixture was calcined 
at 300 ºC for 2 hours followed by firing at 800 ºC for 2 hours to obtain the final 
products. 
2.3 Material characterization 
2.3.1 Composition analysis 
Energy dispersive X-ray spectra (EDX) were collected when conducting 




results can provide qualitative information of elemental distribution. 
Due to the trace doping content, inductively coupled plasma atomic emission 
spectroscopy (ICP-AES) was employed to determine the element ratio of the 
LiNi0.5-2zRuzMn1.5O4 (z=0, 0.01, 0.03 and 0.05) synthesized both by solid state 
reactions and polymer assisted mechanical activation methods. ICP-AES is a type 
of emission spectroscopy in which excited atoms and ions are generated by the 
inductively coupled plasma. These excited atoms and ions emit specific 
electromagnetic radiation indicating existence of corresponding elements. The 
intensity of this emission can also be interpreted to indicate the concentration of the 
element within the sample. The detection limit of ICP-AES can reach parts per 
billion (ppb). The obtained raw data of ICP are weight ratio of measured elements, 
and the mole ratio is calculated from weight ratio. Due to the limitation of ICP on 
lighter elements, the raw data of Li are not accurate. Therefore, calculation of mole 
ratio is done by assigning designed ratio value to Ru, or making it close to designed 
value at first. The ratio of rest elements can be normalized according the value of 
Ru. The calculation can also be done by assigning designed value to Ni or Mn.  
 
2.3.2 Crystal structure identification 
As described in the introduction, LiNi0.5Mn1.5O4 can adopt two different space 
groups:       and P4332. The major difference between the two types of 




octahedral sites 16d in the lattice of LiNi0.5Mn1.5O4 (     ), while ordered occupy 
4a octahedral sites and 12d octahedral sites in the lattice of LiNi0.5Mn1.5O4 (P4332) 
for Ni and Mn respectively. The effect of 4d transition metal doping on the lattice 
space group has never been investigated. In this research work, powder X-ray 
diffraction (XRD), selected area electron diffraction (SAED) and Fourier transform 
infrared spectroscopy (FTIR) were employed to indentify the phases and determine 
the relevant space groups. 
XRD characterizations were carried out using a XRD-7000 diffractometer 
(SHIMADZU) with a Cu Kα radiation source (λ=1.5418 Å). Most samples were 
tested using a continuous scan mode scanning from 10 to 80 º to identify their basic 
crystal structure. High quality XRD data of Ru doped LiNi0.5Mn1.5O4 samples 
which are synthesized by solid state reactions, were obtained using step scan mode 
from 10 to 130 º with a step size of 0.03 º and 12 s per step. The high quality XRD 
data obtained were subsequently analyzed by Rietveld refinement using Fullprof 
2009 software to acquire detailed lattice information. 
SAED observations were performed on single crystal of Ru doped 
LiNi0.5Mn1.5O4 samples using transmission electron microscopy (TEM, 
JEOL-3010). The unique diffraction pattern along [100] direction of cubic spinel 
structured single crystal can help to distinguish different space groups [57, 96]. 
FTIR is a technique which is performed to obtain an infrared spectrum of 
absorption, emission, photoconductivity or Raman scattering of tested materials. 




signatures in the recorded profiles. For LiNi0.5Mn1.5O4, LiNi0.5-xFexMn1.5O4 and 
LiNi0.5-xMgxMn1.5O4, FTIR spectra between 300 and 800 cm
-1
 have been 
successfully used to distinguish the 3Fd m  and P4332 space group [56, 105, 128].  
FTIR data were recorded with KBr pellets with a IRPrestige-21 IR 
spectrophotometer.  
2.3.3 Particle morphology observation 
Particle morphology including particle geometry and particle size plays an 
important role in the electrochemical performance of cathode materials. 
As-synthesized products were characterized by field scanning electron microscopy 
(Hitachi FESEM-4100). 
2.3.4 Conductivity measurement 
  The main expectation of doping 4d transition metal ions into spinel 
LiNi0.5Mn1.5O4 is to enhance its conductivity, which would greatly improve its 
electrochemical performances at high rates. Both alternating current (AC) 
impedance and direct current (dc) conductivity of Ru doped LiNi0.5Mn1.5O4 pellets 
were measured. All pellets for conductivity tests were firstly compacted at 400 
MPa and then calcined at 650 ºC for 5 hours followed by sintering at 800 ºC for 24 
hours to obtain dense samples. The thickness of these pellets ranged from 0.9 to 1.5 
mm. All pellets were carefully prepared to have similar densities of approximately 





  AC impedance measurements were carried out using electrochemical impedance 
spectra (EIS) method measuring from 2×10
6
 Hz to 10 Hz by a Solartron 1260 
impedance analyzer with AC amplitude of 10 mV. Direct current (dc) conductivity 
tests were also performed on pellets under a constant voltage of 50 mV for 5 to 6 
hours until the current became stabilized. Voltage control and data collection were 
controlled by a Maccor 4 battery tester for dc conductivity tests. The data obtained 
from both the AC and dc tests were subsequently analyzed to obtain the total 
electrical conductivities and electronic conductivities of the samples. 
2.4 Electrochemical performances tests 
  A series electrochemical test were carried out to examine and compare the 
electrochemical performances and also to reveal the mechanisms of improvement 
in high rate performances. 
2.4.1 Battery assembly 
To measure the electrochemical performance, the positive electrodes were 
prepared by mixing 80 wt % active cathode material prepared by solid state 
reaction, 10 wt % carbon black and 10 wt % polyvinylidene difluoride (PVDF), 
while PA- LiNi0.5-2xRuxMn1.5O4 was mixed with 10 wt % super P and 10 wt % 
PVDF as positive electrode to further exploit its electrochemical performances at 




electrode is 2.5 mg cm
-2
.  LiPF6 (1 M) in 1:1 mixture of diethyl carbonate and 
ethylene carbonate electrolyte was used as the electrolyte. Two pieces of Celgard 
microporous membranes were put in between the positive electrode and negative 
electrode as separator to avoid internal short circuit.  
 2.4.2 Charge/discharge profiles at low current densities 
  All charge/discharge rates were denoted using C-rate, where 1 C equals to 147 
mA g
-1
 of the theoretical capacity of LiNi0.5Mn1.5O4. At such a current density of 
147 mA g
-1
, charge or discharge of LiNi0.5Mn1.5O4 from initial state requires 1 hour. 
However, the actual charge/discharge process is not an equilibrium process where 
polarization is prominent, unless the charge/discharge is carried out at low current 
density. Therefore, all synthesized cathode materials were tested at a charge and 
discharge rate of 0.2 C using a Maccor 4 battery tester. The accuracy for voltage 
and current on test channels is 0.02% full scale range. 
2.4.3 Electrochemical reaction signal identification 
 For spinel LiNi0.5Mn1.5O4, charge/discharge process is accompanied by Ni
2+/4+
 
redox reactions. Since the 4d transition metals have been doped in to spinel 
LiNi0.5Mn1.5O4, new redox reactions may appear and doping may have some 
influence on the original redox reactions. Identification of these variations may 
provide deep understanding on the effects of doping. Galvanostatic method (dQ/dV) 




   dQ/dV curve can be directly converted from the charge/discharge data at low 
current densities such as 0.2 C. Through plotting the dQ/dV vs. voltage, the 
electrochemical reaction signals can also be exhibited.     
2.4.4 Lithium diffusion coefficient measurement 
 The lithium diffusivity in the cathode materials directly determines how fast the 
battery can be charged/discharged. However, the direct measurement of intrinsic 
ionic conductivity of metal oxides is extremely difficult. Instead, lithium ion 
diffusion coefficient (DLi) in a battery could provide information of how fast 
lithium can move within the cathode since lithium ions move much faster in the 
electrolyte and lithium metal (anode) than in the cathode material. Therefore, in a 
battery, the DLi is determined by the slowest step that is the transport process in the 
cathode material. 
  The lithium diffusion coefficient (DLi) of PA-LiNi0.5-2zRuzMn1.5O4 (x=0 and 0.05) 
was measured by the potential intermittent titration technique (PITT) on the 
batteries using a Solartron 1278 analyzer. During the measurement, a potential drop, 
c.a. 10 mV, was applied and stepped to next level until the corresponding current 
was below ~1μA mg-1. The calculation of the DLi was done using the Eq. (2): 
 
      
      
     
                                            (2) 
where I and t are the current and time respectively, D is the diffusion coefficient of 




diffusion distance which approximately equals to the radius of cathode particles as 
determined by SEM images [59]. Although equation (2) is mostly used to 
determine DLi of thick film cathode, Amatucci et al. [59] have proven its validity in 
bulk cathode, and therefore it is chosen to calculate DLi in this project.   
2.4.5 Rate capability test 
  Rate capability of all cathode materials synthesized was measured at discharge 
current densities from 29.4 mA g
-1
 (0.2 C) to 1470 mA g
-1
 (10 C). Before each 
discharge, a full charge process was carried out at the same specific current rate of 
29.4 mA g
-1
 (0.2 C). The discharge profiles at different rates were compared and 
analyzed.   
2.4.6 Cyclic performances at high current densities 
  For cyclic performance measurements, all cathode materials synthesized were 
tested at 10 C charge/discharge rate for 500 cycles to examine the accessible 
capacity and capacity fading. Furthermore, PA-LiNi0.4Ru0.05Mn1.5O4 was tested at 
10 C charge/discharge rate for 1000 cycles. The cyclic performance tests were 




Chapter 3. Ru doped LiNi0.5Mn1.5O4 with 
spinel structure 
Ru doped LiNi0.5Mn1.5O4 cathodes are the most attractive and the most important 
materials investigated in this research work.  The 4d orbitals of Ru
4+
 are 
delocalized, which may be beneficial to obtain better conductivity as described 
before. The existence of Ru
4+
 in spinel structure has been reported [122, 129]. 
Furthermore, some research works have explored and discussed the electronic 
configuration of the octahedral coordinated Ru
4+
 [122, 123, 130], which may 
provide additional clues for deeper understanding of doping effects on 
electrochemical performances.  In this chapter, Ru doped LiNi0.5Mn1.5O4 cathodes 
prepared by solid state reactions will be systematically investigated and discussed. 
3.1 Material design 
Conventional LiNi0.5Mn1.5O4 possesses a perfect spinel formula as AB2O4, where 




) and A is Li
+
 ions. The crystal structure of 
spinel LiNi0.5Mn1.5O4 is illustrated in Fig 3.1. To keep the original advantages of 
spinel LiNi0.5Mn1.5O4 such as high operation voltage and relatively stable crystal 
structure, Ru doping should not only keep the basic spinel structure, but also 
maintain charge neutrality without introducing undesired Mn
3+
 ions. Considering 
Ru is tetravalent while Ni divalent, a defect-free AB2O4 doped with Ru, and new 




   
Fig 3.1 Illustration of LiNi0.5Mn1.5O4 spinel structure (      space group) 
 
 
3.1.1 Ru doped LiNi0.5Mn1.5O4 with perfect spinel structure 
  Ru doped LiNi0.5Mn1.5O4 with perfect spinel structure keeps the standard AB2O4 
formula, and the total number of metal ions in this formula must be 3. To design the 
new formula, the number of Mn is fixed as 1.5 since any changes on Mn ratio may 
induce Mn
3+
 ions or impurities. Assuming after doping, the valence of Ni strictly 
maintains as 2+ and valence of Ru is 4+, the molar values of Li (x), Ni (y) and Ru 
(z) must satisfy following two equations: 
x+y+z+1.5=3                                                      (3)  
x×1+y×2+z×4+1.5×4=4×2                                           (4)  
Equation (3) ensures the new formula keep the standard spinel AB2O4, and 
equation (4) makes the formula keep charge neutrality without introducing 
undesired Mn
3+
 ions. From equation (3), equation (4) yields the relationship 
between y and z as shown in equation (5): 




Considering the large doping content may reduce the accessible capacity and the 
high expense of Ru precursor, z was selected as 0.05, from which the number of Ni 
and Li were calculated to be 0.35 and 1.1 respectively, leading to a new formula of 
Li1.1Ni0.35Ru0.05Mn1.5O4 or Li[Li0.1Ni0.35Ru0.05Mn1.5]O4 without lattice defects. Here, 
if the x is set as 1, z must be 0 according to equation (3) and (4).  It is worth 
noting that there exists an additional 0.1 Li in this formula. The lattice position of 
the additional Li was however not considered in the initial design, and this will be 
discussed in the following section.      
3.1.2 Ru doped LiNi0.5Mn1.5O4 with lattice defects 
  Li1.1Ni0.35Ru0.05Mn1.5O4 has a perfect spinel structure accomplished by 
introducing additional Li although the lattice position is unknown. Since 
transportation of Li
+
 ions is through diffusion, presence of lattice vacancies would 
be beneficial to faster diffusion process. Therefore, a defective lattice structure is 
designed. In this new design, the number of Li is fixed as 1, and Ni
2+
 are partly 
substituted by the non-equivalent amount of Ru
4+
 leaving some vacancies on the 
octahedral sites through: 
    
                
                  
       
      
      
      
                 (6) 
 
From defect chemistry (6), a general formula is derived as: 
LiNi0.5-2zRuzMn1.5O4                                              (7) 











 are designed to occupy the octahedral sites. Some octahedral 
sites, which originally are occupied by Ni
2+
 in LiNi0.5Mn1.5O4, will be vacant after 
the non-stoichiometric doping.  
 
 
Fig 3.2 Illustration of LiNi0.5-2zRuzMn1.5O4 spinel structure (      space group) 
 
The crystal structure of spinel LiNi0.5-2zRuzMn1.5O4 is illustrated in Fig 3.2. It has 
been proven that in spinel structure, lithium ion migrates from one tetrahedral site 
to the next via a vacant octahedral site during the charge/discharge process [131, 
132]. Therefore, from the view of lithium diffusion, those vacancies at the 
octahedral sites may bring about unexpected effects on fast charge/discharge 
properties by providing additional transportation paths for Li
+
 ions. Meanwhile, 
less Ni-O bond could result in a larger crystal lattice, which may lower the 
activation energy of lithium diffusion. Considering both the probability of reducing 
accessible capacity by non-equivalent substitution of Ni and the high expense of 
Ru precursors in the formula of LiNi0.5-2zRuzMn1.5O4, the value of z is finally set as 




3.2 Material Characterization 
   
ICP-AES, SEM, TEM and XRD measurements were utilized to examine the 
chemical composition, particle morphology and crystal structure of LiNi0.5Mn1.5O4, 
Li1.1Ni0.35Ru0.05Mn1.5O4 and LiNi0.5-2zRuzMn1.5O4 (z=0.01, 0.03, and 0.05) prepared 
by solid state reactions. Conductivity measurements were also performed on dense 
pellets. Detailed experimental procedures have been described in Chapter 2. 
 
3.2.1 Chemical Composition and Particle Morphology 
 
Table 3.1 ICP results of LiNi0.5-2zRuzMn1.5O4 (z=0, 0.01, 0.03, and 0.05) 
Ru content (z) Li Ni Ru Mn 
z=0 0.95 0.5 0 1.5 
z=0.01 0.96 0.49 0.01 1.5 
z=0.03 0.97 0.45 0.03 1.49 
z=0.05 0.97 0.4 0.05 1.49 
 
 
The elemental ratios of LiNi0.5-2zRuzMn1.5O4 (z=0, 0.01, 0.03 and 0.05) and 
Li1.1Ni0.35Ru0.05Mn1.5O4 were determined by ICP-AES measurements. The results 






Table 3.2 ICP results of Li1.1Ni0.35Ru0.05Mn1.5O4 
Li Ni Ru Mn 
0.96 0.35 0.06 1.49 
 
It can be seen from the two tables that the elemental ratio of Ni, Ru and Mn is 
basically consistent with the designed composition of each sample. However, the 
content of lithium in each sample is lower than 1, especially for 
Li1.1Ni0.35Ru0.05Mn1.5O4 in which additional Li was added during the synthesis. 
These results probably are ascribed to the low sensitivity of the ICP technique to 
light metal elements such as lithium. Existence of trace amount of impurity 
elements may also lead to such deviation. Generally, the Ru doping content is 
consistent with the designed composition for all products. 
 
The powder morphologies of the as-synthesized LiNi0.5-2zRuzMn1.5O4 (z=0, 0.01, 
0.03 and 0.05) and Li1.1Ni0.35Ru0.05Mn1.5O4 are shown in Figs 3.3(a) through 3.3(e).  
It can be seen that particles of LiNi0.5-2zRuzMn1.5O4 (z=0, 0.01, 0.03 and 0.05) are 
well crystallized with their particle sizes ranging between 0.6 and 1 μm. Particles 
sizes of Li1.1Ni0.35Ru0.05Mn1.5O4 are around 0.5 μm, its smaller particle size implies 
a sluggish crystallization kinetic compared to that of LiNi0.5-2zRuzMn1.5O4.  All 









Fig 3.3 SEM morphology of (a) LiNi0.5Mn1.5O4, (b) Li1.1Ni0.35Ru0.05Mn1.5O4, (c) 
LiNi0.48Ru0.01Mn1.5O4, (d) LiNi0.44Ru0.03Mn1.5O4 and (e) LiNi0.4Ru0.05Mn1.5O4. 
 
TEM images and EDX results of LiNi0.5Mn1.5O4, Li1.1Ni0.35Ru0.05Mn1.5O4 and 
LiNi0.4Ru0.05Mn1.5O4 are displayed in Figs 3.4(a) through 3.4(c). The particles sizes 
are consistent with results from SEM observation. The EDX results suggest that Ru 
element exists in both Li1.1Ni0.35Ru0.05Mn1.5O4 and LiNi0.4Ru0.05Mn1.5O4 particles, 









Fig 3.4 TEM observation and EDX spectrum of (a) LiNi0.5Mn1.5O4, (b) 
Li1.1Ni0.35Ru0.05Mn1.5O4 and (c) LiNi0.4Ru0.05Mn1.5O4 
3.2.2 Crystal Structure Analysis 
  To determine crystal structure, lattice symmetry and atom positions of 
as-synthesized LiNi0.5Mn1.5O4, Li1.1Ni0.35Ru0.05Mn1.5O4 and LiNi0.5-2zRuzMn1.5O4 
(z=0.01, 0.03 and 0.05), high quality XRD data were collected using a XRD-7000 










Fig 3.5 XRD profiles and Rietveld refinement results of (a) LiNi0.5Mn1.5O4, (b) 





Rietveld refinements were performed on XRD profile of each sample to identify 
its phases and structures. Figs 3.5(a) through 3.5(e) exhibit the XRD profiles 
observed and the differences between the calculated profiles generated by Rietveld 
refinement methods. The refinement profiles of the five spinels show that all the 
peaks fit well to the space group of       implying random mixing of transition 
metal ions in octahedral 16d sites.  There are some weak peaks observed at 37.5 º, 
45.3 º and 63.7 º in the LiNi0.5Mn1.5O4 sample in Fig 3.5(a), which can be ascribed 
to LixNi1-xO impurity.  In contrast, all the Ru-doped samples reveal phase-pure 
cubic spinel structure without impurity, which is consistent with earlier reports that 
cationic doping can suppress the formation of LixNi1-xO and stabilize the spinel 
crystal structure [102]. The presence of the (220) weak peaks may imply some 
extent of „cation mixing‟ with the presences of heavier transition metal ions in the 
tetrahedral 8a site instead of Li
+
 ions [107, 133, 134].   
Table 3.3 shows the detailed crystal structure information obtained from Rietveld 
refinements. Lattice constants of the five samples obtained from Rietveld 
refinements are plotted vs. Ru content in Fig 3.6. It can be seen that the lattice 
constant a of pristine LiNi0.5Mn1.5O4 is 8.1789 Å consistent with reports from other 
researchers [96, 107]. The lattice constant increases with the increase in the amount 
of Ru. The transition metal ions with positive charge can help holding oxygen ions 
with negative charge by electrostatic force. After Ru, neutral octahedral vacancies 
or Li
+
 with weaker electrostatic force occupy the octahedral sites leading to an 




RuO2 detected in this XRD scan. Together with the lattice constant variation after 
Ru doping, it is rational to assume that Ru has been doped into the crystal structure 
of spinels rather than the formation of Ru-species surface layer. 
LiNi0.4Ru0.05Mn1.5O4 possesses the largest lattice constant of 8.1921 Å, while 
Li1.1Ni0.35Ru0.05Mn1.5O4 has the second largest lattice constant of 8.1882 Å. Since 
they have the same Ru content, the difference in lattice constant may imply slight 
difference between crystal structures, which are probably induced by vacancies in 
LiNi0.4Ru0.05Mn1.5O4 and extra Li in Li1.1Ni0.35Ru0.05Mn1.5O4.  However, X-ray 
diffraction is not sensitive to atoms with low electron density [135]; therefore, 
position of lithium ions in Li1.1Ni0.35Ru0.05Mn1.5O4 cannot be conclusively 
determined due to its low electron density. In future, this difficulty could be 
overcome by Nuclear magnetic resonance (NMR) method [136].  













LiNi0.5Mn1.5O4       8.17896(16) 547.134 5.41 5.60 
Li1.1Ni0.35Ru0.05Mn1.5O4       8.18824(17) 548.999 4.69 4.42 
LiNi0.48Ru0.01Mn1.5O4       8.18259(17) 547.563 5.77 5.67 
LiNi0.44Ru0.03Mn1.5O4       8.18551(15) 548.450 5.44 6.69 






Fig 3.6 Lattice constant variation with Ru doping 
 
To further confirm the space groups of these as-synthesized spinels, the selected 
area electron diffraction (SAED) observations were carried out on these five 
samples using transmission electron microscopy. The SAED patterns along [100] 
direction of the single crystals of LiNi0.5Mn1.5O4, Li1.1Ni0.35Ru0.05Mn1.5O4, 
LiNi0.48Ru0.01Mn1.5O4, LiNi0.44Ru0.03Mn1.5O4 and LiNi0.4Ru0.05Mn1.5O4 are showed 
in Figs 3.7(a) through 3.7(e). Bright diffraction spots including (022), (    ) and 
(004) in the [100] zone are generated from the spinel structure with       space 
group. The spinel structure with P4332 space group adopts a super-lattice structure 
due to the ordered cation distribution at the octahedral sites; and thus, extra 
diffraction spots must be present along the [100] axis in addition to fundamental 
spots of       space group [57, 96]. However, no extra diffraction spots from the 
super-lattice structure were observed in all SAED images. Obviously, both the 
LiNi0.5Mn1.5O4 and the Ru doped LiNi0.5Mn1.5O4 adopt a typical spinel structure 










Fig 3.7 Selected area electron diffraction patterns in [100] zone of (a) 
LiNi0.5Mn1.5O4, (b) Li1.1Ni0.35Ru0.05Mn1.5O4, (c) LiNi0.48Ru0.01Mn1.5O4, (d) 




3.2.3 Conductivity Measurement 
The main advantage expected from Ru doping is to achieve much higher 
conductivity compared to pristine LiNi0.5Mn1.5O4. Previous characterizations have 
proven that all Ru doped LiNi0.5Mn1.5O4 possess the same spinel structure (      
space group) with LiNi0.5Mn1.5O4; and no surface coating were observed indicating 
that Ru should have been doped into the crystal lattice. Therefore, same crystal 
structures and different compositions, which rule out any possible interference 
effects caused by different crystal structures and conductive coating, provide ideal 
conditions to examine the effect of Ru doping on conductivity.  
 
 
Fig 3.8 The impedance spectra of LiNi0.5Mn1.5O4 and Ru doped LiNi0.5Mn1.5O4 






The conductivities of LiNi0.5Mn1.5O4 and Ru doped LiNi0.5Mn1.5O4 were 
measured by AC impedance and dc polarization method. All dense pellets used in 
the conductivity tests have similar thickness and diameter as described in Chapter 
2. 
 
The AC impedance spectra of LiNi0.5Mn1.5O4, Li1.1Ni0.35Ru0.05Mn1.5O4, 
LiNi0.48Ru0.01Mn1.5O4, LiNi0.44Ru0.03Mn1.5O4 and LiNi0.4Ru0.05Mn1.5O4 measured at 
room temperature are presented in Fig 3.8. The two depressed semicircles of each 
sample are attributed to bulk and grain boundary conductivity, suggesting that all of 
them are mixed electronic and ionic conductive materials [137, 138]. It can be seen 
that the total resistance (resistance to movement of both electron and Li
+
 ion) of 
pellet dramatically decreases with the increase in Ru content. The total electrical 
resistance of LiNi0.4Ru0.05Mn1.5O4 is slightly smaller than that of 
Li1.1Ni0.35Ru0.05Mn1.5O4.    
 
The dc polarization measurement results of the five samples are compared in Fig 
3.9. With a 50 mV voltage applied on the sample pellets, charge carriers (electrons 
and Li
+
 ions) are forced to move by electric field. The high conductivity value 
observed in the first few seconds of each sample can be attributed to the flow of 
both electrons and Li
+
 ions.  The exponential decrease in conductivity thereafter 
should be due to the pile-up of Li
+
 ions at the silver electrode because of the 




state at about 5 h, at which the conductivity is considered to be almost contributed 
by the flow of electrons, and therefore electronic conductivity of each sample can 
be obtained [70, 139]. 
 
 
Fig 3.9 dc conductivity results of LiNi0.5Mn1.5O4 and Ru doped LiNi0.5Mn1.5O4 





   
 
Fig 3.10 Calculated electronic and electrical conductivities of LiNi0.5-2zRuzMn1.5O4 
(z=0, 0.01, 0.03 and 0.05) 
 
Fig 3.10 compares the calculated electronic conductivity and electrical 
conductivity (movement of both electron and Li
+
 ion) of LiNi0.5-2zRuzMn1.5O4 (z=0, 
0.01, 0.03 and 0.05).  At a low Ru doping level of 0.01, the electronic 




 as low as that of the LiNi0.5Mn1.5O4.  It 






 when Ru increases to 0.03 and 










 when the Ru content increases to 0.05. The total electrical 







 respectively, which are also much higher than those of 
















It is obvious that 4d transition metal Ru doping can greatly improve the 
conductivity of pristine LiNi0.5Mn1.5O4. As described before, 4d orbitals of Ru with 
larger spatial extent overlapping with O 2p orbitals can form a wider conduction 





) orbitals in spinel structure would also play a significant 
role. X-ray absorption near-edge structure (XANES) studies have shown that the 
spin state of Ru
4+
 ion depends on the crystal structure. Reddy et al. reported that the 
Ru L3-edge spectra in the spinel-structured LiMn2-xRuxO4 showed only one 




is rational to assume that Ru
4+
 in the spinel-structured LiNi0.5-2xRuxMn1.5O4 could 




).  Fig 3.11 compares the electronic 
configurations of Ni
2+
 3d orbitals and Ru
4+







) ion occupying the octahedral site has a relatively 
stable electronic configuration with half-filled eg levels and fully filled t2g levels 
[140]. The 6 t2g electrons of Ni
2+
 ion are localized.  On the other hand, Ru
4+
 ion 
occupying the octahedral site has an electronic configuration of 4d
4
 with empty eg 
levels and 4 electrons on t2g levels, and the t2g electrons of Ru
4+
 are delocalized 
[111, 122, 123]. In disordered LiNi0.5-2xRuxMn1.5O4 (     ), the surrounding 
environment of Ni
2+
 ions could be considered as the first shell of O
2-
 ions and the 






 ions. The electron hopping pathway can be 
considered as -Ni-O-Ni- in LiNi0.5Mn1.5O4 (     ) [124]. A new hopping pathway 
is presented in LiNi0.5-2xRuxMn1.5O4 as -Ni-O-Ru-O-, and thus electron transfer 
could be much easier due to large delocalized Ru
4+





 will result in better electronic conductivity. The improvement in 
electronic conductivity can support faster charge transportation at high current rates, 
and is useful to prevent the pronounced pile-up of Li
+
 ions and undesired Mn
3+
 ions 
on the surfaces of the particles during high-rate discharge. 
 
3.3 Electrochemical Performances 
 




electrochemical performances, especially at high current rates. As the ability of Ru 
doping in improving conductivity has been confirmed as described above, the 
electrochemical performances of these synthesized cathode materials are tested and 
compared in this section. 
 
 3.3.1 Charge/Discharge performance at 0.2 C 
 
The charge/discharge profiles of the cathodes at low current rate can usually 
reflect their maximum accessible capacity and theoretical operation voltage 
plateaus due to very little polarization at low rate.  
All the five types of cathode materials are charged/discharged at a low current 
rate of 0.2 C (29.4 mA g
-1
) to examine their operation profiles. Figs 3.12(a) through 
3.12(e) display their charge/discharge behaviors at 0.2 C. The accessible discharge 
capacity of as-synthesized LiNi0.5Mn1.5O4 is about 130 mAh g
-1
, which is 
consistent with the results of other researchers [3]. After Ru doping, the theoretical 
capacity would be reduced due to decrease in the content of Ni
2+
. However, 
accessible discharge capacities of all Ru doped cathodes do not show significant 
difference compared with that of the LiNi0.5Mn1.5O4. On the contrary, 
LiNi0.44Ru0.03Mn1.5O4 releases the maximum capacity of 137 mAh g
-1
 as shown in 
Fig 3.12(d). The Li1.1Ni0.35Ru0.05Mn1.5O4 shows slightly larger capacity compared 









Fig 3.12 Charge/discharge profiles at 0.2 C of (a) LiNi0.5Mn1.5O4, (b) 
Li1.1Ni0.35Ru0.05Mn1.5O4, (c) LiNi0.48Ru0.01Mn1.5O4, (d) LiNi0.44Ru0.03Mn1.5O4 and (e) 
LiNi0.4Ru0.05Mn1.5O4. 




  Two distinguished discharge plateaus can be identified for the pristine 
LiNi0.5Mn1.5O4. The major one is at around 4.7 V attributed to Ni
2+/4+
 redox 
reactions. The smaller one is at around 4.0 V caused by the smaller amount of 
Mn
3+/4+
 redox reactions, which is commonly seen in LiNi0.5Mn1.5O4 with       
space group. For the LiNi0.5Mn1.5O4, the 4.7 V plateau contributes more than 110 
mAh g
-1
 discharge capacity. While for Ru doped samples, all 4.7 V plateaus shrink 
due to less Ni
2+
 content. The 4.7 V plateaus of LiNi0.4Ru0.05Mn1.5O4 and 
Li1.1Ni0.35Ru0.05Mn1.5O4 only contribute less than 100 mAh g
-1
 discharge capacity 
respectively. The plateaus at about 4.0 V of all the Ru doped samples become larger 
compared with that of the pristine LiNi0.5Mn1.5O4.  At this point, it is difficult to 
determine whether additional Mn
3+
 ions are introduced into the lattice with Ru 
doping since Reddy et al. have proven that Ru
4+/5+
 redox is active in spinel 
structured LiMn2-xRuxO4 and contributes to discharge capacity at around 4.2 V 
[122].  It is highly possible that Ru
4+/5+
 redox reactions may also work in spinel 
structured LiNi0.5-2zRuzMn1.5O4 and Li1.1Ni0.35Ru0.05Mn1.5O4 resulting in elongation 
of 4.0 V plateaus. 
 
 3.3.2 Redox reaction analysis 
The galvanostatic curves of LiNi0.5Mn1.5O4, Li1.1Ni0.35Ru0.05Mn1.5O4 and 
LiNi0.5-2zRuzMn1.5O4 (z=0.01, 0.03 and 0.05) are plotted in the form of differential 








Fig 3.13 dQ/dV curve of (a) LiNi0.5Mn1.5O4, (b) Li1.1Ni0.35Ru0.05Mn1.5O4, (c) 
LiNi0.48Ru0.01Mn1.5O4, (d) LiNi0.44Ru0.03Mn1.5O4 and (e) LiNi0.4Ru0.05Mn1.5O4. 
The dQ/dV curve of pristine LiNi0.5Mn1.5O4 shows several peaks with increasing 
voltage, which are ascribed to the oxidation of constituents in the cathode materials. 
The peak at about 4.0 V is due to Mn
3+/4+




removal of electrons from the Mn 3d eg levels, while the peak pairs at around 4.6 V 




 redox.  Similar peak pairs are also found in 
the dQ/dV profiles of all Ru doped samples with some shifts in potential.   
There is a new pair of peaks observed at about 4.9 V in the dQ/dV profiles of 
Li1.1Ni0.35Ru0.05Mn1.5O4. Initially, this new peak pair has been considered as the 
signature of Ru
4+/5+
 redox reactions, as some researchers have reported that Cr
3+/4+
 
redox peaks are located at about 4.9 V in Cr doped LiNi0.5Mn1.5O4 [141]. However, 
such peak pair cannot be observed in LiNi0.5-2zRuzMn1.5O4 (z=0.01, 0.03 and 0.05) 
samples, making it less likely to be Ru
4+/5+
 redox peaks.  Wen et al.[142] have 
systematically studied the origin of the 5 V electrochemical reactions in 
LiZn0.5Mn1.5O4 and LiMg0.5Mn1.5O4 and pointed out that partial reversible redox 
reactions at around 5 V can be induced by the extraction of Li
+
 ions from the 
octahedral site, which has a higher lattice energy than that of extraction of Li
+
 ions 
from the tetrahedral site in spinel lattice. Considering additional Li
+
 ions were 
added into Li1.1Ni0.35Ru0.05Mn1.5O4 and their lattice positions remain unaddressed, 
it is rational to assume that these additional Li
+
 ions may occupy the octahedral 
sites in spinel structured Li1.1Ni0.35Ru0.05Mn1.5O4. In other words, 
Li1.1Ni0.35Ru0.05Mn1.5O4 can be written as Li[Li0.1Ni0.35Ru0.05Mn1.5]O4, upon 
charge/discharge some octahedral Li
+
 ions are extracted/inserted resulting in new 
redox peaks at around 4.9 V. 
Although Reddy et al.[122] have observed redox peaks of Ru
4+/5+
 in spinel 




redox peak pairs can be observed in this range for all Ru doped LiNi0.5Mn1.5O4 
samples, possibly because of trace amount of Ru doping in this research. 
Table 3.4 Potential differences of LiNi0.5-2zRuzMn1.5O4 cathodes 
 
Ru content (z) 0 0.01 0.03 0.05 
Potential difference 
A1-C1 [mV] 
30 30 30 20 
Potential difference 
A2-C2 [mV] 
50 30 20 20 
The potential values of anodic and cathodic peaks were carefully examined. The 
potential differences between the anodic peaks (A1 and A2) and cathodic peaks 
(C1 and C2) of LiNi0.5-2zRuzMn1.5O4 (z=0, 0.01, 0.03 and 0.05) at about 4.7 V are 
listed in Table 3.4.  It can be seen that LiNi0.5Mn1.5O4 shows the largest 
anodic/cathodic potential differences of about 30 to 50 mV, while the potential 
differences become smaller for Ru doped samples. Such potential differences have 
been used to estimate the level of polarization and the ease of lithium diffusivity 
[105, 143]. The smaller potential differences of Ru doped cathodes suggest smaller 
polarization due to faster insertion/extraction of Li
+
 ions in the spinel structure. 
The improvement in diffusivity of Li
+
 ions may be attributed to three reasons.  
Firstly, the enhanced electronic conductivity in Ru doped spinel structure may be 
beneficial to faster Li
+
 transportation process. Coupled lithium/electron 
transportation in spinel LiMn2O4 has been studied using molecular dynamic 
method and density function theory calculation, and the results imply that in the 





 will lower the potential barrier for Li
+




spinel lattice [144, 145]. The spinel-structured LiMxMn2-xO4 (M=Cr, Fe, Co, Ni 
and Cu) still maintain the small polaron conduction mechanism as its parent 
LiMn2O4 spinel. A direct correlation between the improvement in electronic 
conductivity and the increase in Li
+
 ion diffusion coefficient has been established 
in LiMxMn2-xO4 (M=Cr, Fe, Co, Ni and Cu) through conductivity and 
thermoelectric power measurement [59, 140]. Secondly, the vacancies at the 
octahedral sites created by Ru-doping may provide additional diffusion paths for 
lithium ions. Thirdly, the increase in lattice parameter after Ru-doping can enable 
faster lithium diffusion. It is known that diffusivity of Li
+
 ions is dependent on 
activation energy which is closely associated with the lattice constant. Due to the 
expansion in the lattice parameter (Fig 3.6), the doped spinel structure is able to 
provide larger diffusion channels and hence lower activation energy to facilitate 
faster transportation of Li
+
 ions. Faster lithium mobility would give rise to better 
high rate performances including low polarization and better structural stability. 
The potential differences (A1-C1 and A2-C2) of Li1.1Ni0.35Ru0.05Mn1.5O4 are still 
comparable to that of LiNi0.5Mn1.5O4, which is probably caused by the sluggish 
extraction/insertion of octahedral Li
+
 ions at around 4.9 V. Although Ru doping has 
given rise to improved electronic conductivity of Li1.1Ni0.35Ru0.05Mn1.5O4, crystal 
structure complexity induced by additional Li
+
 ions can still greatly affect the 
transportation process of Li
+




 3.3.3 Rate Capability 




Fig 3.14 Rate capability of (a) LiNi0.5Mn1.5O4, (b) Li1.1Ni0.35Ru0.05Mn1.5O4, (c) 




   A good rate capability for cathode materials is significant in high power 
applications such as in EVs/HEVs since such equipment frequently switches 
between constant speed mode (moderate current output) and accelerating mode 
(large current output). Lithium ion batteries for high power applications must have 
both excellent low current rate discharge capability and satisfactory high current 
rate discharge capability. 
Figs 3.14(a) through 3.14(e) compare the rate capability of LiNi0.5Mn1.5O4, 
Li1.1Ni0.35Ru0.05Mn1.5O4 and LiNi0.5-2zRuzMn1.5O4 (z=0.01, 0.03 and 0.05). All cells 
were firstly charged at the same specific current rate of 29.4 mA g
-1
 (0.2 C) before 
discharge.    
At a low discharge rate of 0.2 C, LiNi0.44Ru0.03Mn1.5O4 delivers the highest 
capacity of 138 mAh g
-1
, while LiNi0.48Ru0.01Mn1.5O4 delivers the lowest capacity 
of 126 mAh g
-1
. All LiNi0.5Mn1.5O4, Li1.1Ni0.35Ru0.05Mn1.5O4 and 
LiNi0.4Ru0.05Mn1.5O4 are able to deliver about 130 mAh g
-1
 at the 0.2 C rate.  
Although substitution of Ni
2+
 ions with heavier Ru
4+
 ions may reduce the 
theoretical capacity, the results presented here show that a small amount of doping 
content does not affect the accessible capacity at low current rates. At high 
discharge rate of up to 1470 mA g
-1
 (10 C), Ru doped LiNi0.5Mn1.5O4 demonstrates 
remarkably high-rate capability. LiNi0.5Mn1.5O4 can only deliver about 58 mAh g
-1
 
at 10 C rate with a significant drop in discharge voltage to below 4.0 V, indicating 
that severe polarization caused by poor electrical conductivity has occurred. On the 




about 117 mAh g
-1
 at the 10 C discharge rate with little polarization.  
LiNi0.48Ru0.01Mn1.5O4 with little improvement in electrical conductivity can also 
offer nearly 102 mAh g
-1
 at the 10 C discharge rate, which is almost two times that 
of LiNi0.5Mn1.5O4. The Li1.1Ni0.35Ru0.05Mn1.5O4 can release 108 mAh g
-1
 less than 
that of LiNi0.4Ru0.05Mn1.5O4, which may mainly be ascribed to less Ni content. It is 
also worthy to note that Li1.1Ni0.35Ru0.05Mn1.5O4 suffers more severe polarization at 
the 10 C discharge rate compared to LiNi0.4Ru0.05Mn1.5O4, which may be due to 
more sluggish lithium transportation process as described before.  Apparently the 
accessible discharge capacity at high current rate is closely associated with 
electrical conductivity and lithium ion diffusivity. 
  
 





Fig 3.15 compares the discharge capacity retention of each cathode in the rate 
capability test. In the low rate range from 0.2 C to 1 C, all cathodes can retain more 
than 90% of their initial discharge capacity (0.2 C), and all Ru doped cathodes 
outperform LiNi0.5Mn1.5O4. Such gap further expands in the high rate range from 2 
C to 10 C. At the 5 C rate, all Ru doped cathodes can hold about 90% of their 
initial discharge capacity, while LiNi0.5Mn1.5O4 only releases 64% of its initial 
discharge capacity. At the 10 C rate, LiNi0.4Ru0.05Mn1.5O4 can still deliver 89% of 
its initial discharge capacity, while LiNi0.5Mn1.5O4 has merely 44% capacity 
retention. Obviously, Ru doping significantly improves the rate capability.  
  3.3.4 Cyclic performance at 10 C 
 
Fig 3.16 Cyclic performance of LiNi0.5Mn1.5O4 and Ru doped LiNi0.5Mn1.5O4 
charged/discharged at 1470 mAh g
-1





To measure cyclic performance at high C rate, all the five cathodes were charged 
and discharged at 1470 mAh g
-1
 (10 C) for 500 cycles.  Fig 3.16 compares their 
cyclic performances at the 10 C charge/discharge rate.  LiNi0.5Mn1.5O4 shows the 
worst performance of only 65 mAh g
-1
 at the beginning of cycles, and can only 
retain 40 mAh g
-1
 (61% capacity retention) at the 500
th
 cycle. The initial capacity 
of LiNi0.5Mn1.5O4 is lower because its charge transportation is most sluggish among 
all the cathodes. LiNi0.48Ru0.01Mn1.5O4 is able to release above 80 mAh g
-1
 in the 
first 100 cycles, but decreases to 58 mAh g
-1
 (64% capacity retention) at the last 
cycle.  LiNi0.4Ru0.05Mn1.5O4 and LiNi0.44Ru0.03Mn1.5O4, which have much better 
conductivity, are able initially to deliver about 111 mAh g
-1
 and 95 mAh g
-1
, and 
still retain 93 mAh g
-1
 (84% capacity retention) and 73 mAh g
-1
 (77% capacity 
retention) at the 500
th
 cycle respectively. Although Li1.1Ni0.35Ru0.05Mn1.5O4 initially 
can only deliver 72 mAh g
-1
, interestingly it exhibits the best capacity retention (91% 
capacity retention) by keeping 66 mAh g
-1
 at the 500
th
 cycle. 
The cyclic stability is mainly affected by the structural stability. At the end of 
high-rate discharge, Li
+
 ions are easily jammed at the surface of LiNi0.5Mn1.5O4 and 
LiNi0.48Ru0.01Mn1.5O4 due to limited charge transportation ability. Consequently, a 
large amount of Mn
3+
 ions are present on particles‟ surfaces of the LiNi0.5Mn1.5O4 
to keep charge neutrality, which can cause severe J-T distortion and detrimental 
reaction with the electrolyte; finally structural stability of the LiNi0.5Mn1.5O4 is 
severely damaged upon cycling due to these detrimental effects. For 




conductivity enables rapid movement of electrons and Li
+
 ions within the lattice to 
prevent the presence of undesirable Mn
3+
 ions. Therefore excellent cyclic 
performance at high charge/discharge rates is achieved through maintaining a 
stable crystal structure.  For Li1.1Ni0.35Ru0.05Mn1.5O4, its electrical conductivity is 
improved compared to LiNi0.5Mn1.5O4; however, the lithium ion transport process 
is sluggish due to extra Li ions occupying the octahedral sites. Consequently, the 
initial capacity released by Li1.1Ni0.35Ru0.05Mn1.5O4 is larger than that of 
LiNi0.5Mn1.5O4, but smaller than that of LiNi0.4Ru0.05Mn1.5O4 and 
LiNi0.44Ru0.03Mn1.5O4. On the other hand, extra Li ions occupying the octahedral 
sites may hold the whole structure more tightly, hence counterbalancing the J-T 
distortion effect during high rate cycling, which may give rise to better structure 
stability and result in better capacity retention than other Ru doped cathodes.  The 
greatly improved high-rate charge/discharge performance is significant, since 
electric vehicles can be made more practical if the power source is capable of fast 
charge/discharge and has a longer lifetime. 
3.4 Summary 
Ru doped spinel LiNi0.5Mn1.5O4 cathodes with/without octahedral vacancies have 
been designed and successfully synthesized using solid state reactions. Particle 
sizes of all samples are between 0.5 and 1 µm, and elemental analysis shows that 
compositions of all samples are consistent with their designed formulas. 




phase pure spinel structure without trace of RuO2. X-ray diffraction measurements 
and selected area electron diffraction observations confirm that LiNi0.5Mn1.5O4 and 
Ru doped LiNi0.5Mn1.5O4 belong to the       space group. The conductivities of 
all Ru doped samples are better than that of LiNi0.5Mn1.5O4. LiNi0.4Ru0.05Mn1.5O4 
shows the highest conductivity while Li1.1Ni0.35Ru0.05Mn1.5O4 takes the second 
place. LiNi0.5-2zRuzMn1.5O4 with octahedral vacancies exhibits faster Li
+
 ions 
transportation process in the lattice than LiNi0.5Mn1.5O4. Li1.1Ni0.35Ru0.05Mn1.5O4 
without octahedral vacancies, due possibly to octahedral coordinated Li
+
 ions, 
shows a sluggish Li
+
 ions transportation process compare to LiNi0.5-2zRuzMn1.5O4. 
Owing to greatly improved conductivity and lithium diffusivity, 
LiNi0.5-2zRuzMn1.5O4 exhibits significantly improved rate capabilities and cyclic 
performances (charge/discharge at 10 C) compared to LiNi0.5Mn1.5O4. The 
electrochemical performances of Li1.1Ni0.35Ru0.05Mn1.5O4 are also better than those 
of LiNi0.5Mn1.5O4, but worse than those of LiNi0.5-2zRuzMn1.5O4 (z=0.03 and 0.05) 
due to its sluggish Li
+
 ions transportation process. All in all, Ru doping and 
octahedral vacancy design have enabled LiNi0.5-2zRuzMn1.5O4 to possess the best 




Chapter 4. Rh doped LiNi0.5Mn1.5O4 with 
spinel structure 
As discussed in Chapter 3, the 4d transition metal Ru doping is capable of 
dramatically enhancing the high rate performances of spinel-structured 
LiNi0.5Mn1.5O4. These improvements have been attributed to significantly 
improved conductivity, resulting from overlapping of Ru
4+
 4d orbital with O
2-
 2p 
orbital as well as octahedral vacancies in the doped spinel structure. Rhodium (Rh) 
is also a 4d transition metal next to Ru in the periodic table of elements. The ionic 




 is 0.665 Å and 0.60 Å 
respectively, comparable to that of Ni
2+
 of 0.69 Å [121]. Previous research works 
have shown that RhO2 exhibits metallic conductivity like RuO2, while Rh2O3 
behaves like semimetal rather than semiconductor [113, 114]. Owing to these 
advantages, Rh doping may also be able to improve conductivity of spinel 
LiNi0.5Mn1.5O4 like Ru doping. In this chapter, two types of Rh doped 
LiNi0.5Mn1.5O4 are designed, one of which assumes Rh to be Rh
3+
 (0.665 Å), and 
other Rh
4+
 (0.60 Å). Their crystal structures, particle morphologies and 
electrochemical performances are investigated and discussed. 
4.1 Material design 
  The design of octahedral vacancies has shown merits over the design of perfect 




further used to design Rh doped LiNi0.5Mn1.5O4, and only charge neutrality should 
be maintained in the newly designed structure to avoid introducing undesired Mn
3+
 
in the lattice.  
 For Rh
3+
 doping, firstly the number of Li and Mn is fixed as 1 and 1.5 
respectively. Some Ni
2+
 are substituted by non-equivalent Rh
3+
 leaving some 
vacancies in the octahedral sites. The number of Ni and Rh is set as y and z 
respectively. In this way, the number of Ni and Ru only needs to obey equation (8) 
to maintain charge neutrality without introducing undesired Mn
3+
 ions. 
1+y×2+z×3+1.5×4=4×2                                             (8) 




 doping, using the same method, the second relationship of y=0.5-2×z 
can be obtained. However, the formation of Rh
4+
 containing spinel structure is 
highly suspicious since RhO2 is only stable under high oxygen pressures [146]. 
 
Since Rh is expensive and the reduction in Ni content may reduce the available 
capacity, the doping content should be minimized. To compare with the effect of 
Ru doping in previous chapter, the z value for the two Rh doped formulas is set as 
0.05, thus, two formulas of LiNi0.425Rh0.05Mn1.5O4 and LiNi0.4Rh0.05Mn1.5O4 were 





4.2 Material Characterization 
All Rh doped samples in this section were synthesized using solid state reactions 
as described in Chapter 2.   
 
 




The XRD profiles of LiNi0.5Mn1.5O4, LiNi0.425Rh0.05Mn1.5O4 and 
LiNi0.4Rh0.05Mn1.5O4 powders are displayed in Fig 4.1. Weak peaks observed at 
37.5 º, 45.3 º and 63.7 º are due to undesired LixNi1-xO impurity in the 
LiNi0.5Mn1.5O4 sample.  LiNi0.4Rh0.05Mn1.5O4 shows a phase-pure cubic spinel 
structure without impurity. An ambiguous weak peak (at 37.5 º) of 




Excluding this minor impurity peak, Rh doping shows the ability of suppressing 
the formation of LixNi1-xO impurity, which is similar to Ru doping.  The (220) 
weak peak can be seen in all the three samples implying some extent of „cation 
mixing‟ with the presence of heavier transition metal ions in the tetrahedral 8a site 
instead of Li
+
 ions [107, 133, 134]. There is no clear evidence of the existence of 
RhO2 and Rh2O3 in the final products, which may imply that Rh has been doped 
into the spinel structure. The major peaks in the XRD profiles of the three spinels 
fit well to the space group of       suggesting random distribution of transition 
metal ions in the octahedral 16d sites. 
 
  It should be noticed that all peaks of the two Rh doped samples are slightly 
shifted to lower degree compared with those of pristine LiNi0.5Mn1.5O4 indicating 
an increase in lattice constant of Rh doped samples. In cubic system, it is well 
known that the lattice constant a is related to the plane spacing d and the Miller 
indices by equation (9): 
   
 
         
                                                 (9) 
 
and the plane spacing d can be calculated using the Bragg conditions(10): 
                                                             (10) 
The (440) at around 63.5 º peak is chosen in calculating the lattice parameter of 
each sample because higher angle peaks can provide higher accuracy in plane 





Table 4.1 Lattice parameters of LiNi0.5Mn1.5O4, LiNi0.425Rh0.05Mn1.5O4 and 
LiNi0.4Rh0.05Mn1.5O4 
 
 LiNi0.5Mn1.5O4 LiNi0.4Rh0.05Mn1.5O4 LiNi0.425Rh0.05Mn1.5O4 
d (Å) 1.4458 1.4471 1.4472 
a (Å) 8.1789 8.1860 8.1865 
 
Table 4.1 lists the d spacing of (440) planes and the lattice constant of each 
sample. Similar to the Ru doped LiNi0.5Mn1.5O4, all Rh doped spinels have larger 







 are smaller than that of Ni
2+
. Such increase in lattice constant could 
be due to the octahedral site vacancies introduced by non-stoichiometric doping. 
Since oxygen layers will repel each other due to electrostatic force, with less 
positively charged ions in between them, the lattice will expand to larger size. Both 
the expanded lattice structure and the octahedral vacancies of Rh doped spinels 
may be beneficial to lithium ions transportation within the lattice. It should also be 
noted that the lattice constants of the two Rh doped samples are nearly the same. 
Considering the same doping content and little difference in designed vacancy 
number, it may imply that the valence states of Rh ion in the two spinels are similar, 




 ions. Many research 
investigations on rhodium oxides have shown that Rh2O3 and RhO2 can coexist at 
low calcination temperatures between 400 and 500 ºC, and at higher temperatures 
RhO2 begins to decompose irreversibly to Rh2O3 [147, 148]. However the reported 




Within this wide temperature range Rh
4+
 ions still exists [147-150]. In this work, 
the calcination and sintering process was carried out at 650 and 800 ºC respectively.  
Therefore, if any Rh
4+
 ions generated during the heating process, most of them 
could be turned to Rh
3+
 ions due to elevated temperature. It may be reasonable to 
infer that Rh
3+
 ions prevail in the lattice of LiNi0.4Rh0.05Mn1.5O4 and 
LiNi0.425Rh0.05Mn1.5O4 with some Rh
4+
 ions coexisting due to incomplete 
decomposition of RhO2. 
 
Figs 4.2(a) through 4.2(c) display the particle morphology of as-synthesized 
LiNi0.5Mn1.5O4, LiNi0.4Rh0.05Mn1.5O4 and LiNi0.425Rh0.05Mn1.5O4 respectively. 
Unlike the pristine LiNi0.5Mn1.5O4 possessing well crystallized and homogeneously 
sized particles, both Rh doped LiNi0.5Mn1.5O4 as shown in Figs 4.2(b) and 4.2(c) 
have two types of particles with different particle size. The larger particles of Rh 
doped samples are about 1 µm exhibiting surface facet; and they tend to possess an 
octahedral shape due to surface energy anisotropy of spinel structure [151], which 
is similar to the particles of pristine LiNi0.5Mn1.5O4. The smaller particles of Rh 
doped samples are around 200 nm with irregular shape. Since no clear secondary 
phase was detected from the XRD test in the two Rh doped samples, both the large 
and small particles should adopt the same crystal structure. During the calcination 





 ions according to previous studies [146-150], which may 




are well sintered together. The Rh doped particles are loosely connected due to 
large difference in particle sizes, making the preparation of dense pellets for 





Fig 4.2 SEM morphology of (a) LiNi0.5Mn1.5O4, (b) LiNi0.4Rh0.05Mn1.5O4 and (c) 
LiNi0.425Rh0.05Mn1.5O4 





 ions possess a larger 4d electron orbital than the 3d 
orbital of Ni
2+
, where overlapping with O
2-
 2p orbital would result in enhanced 
charge transportation properties similar to Ru doping; such that finally improved 
electrochemical performances may be achieved through Rh doping. The 




LiNi0.5Mn1.5O4 are tested and compared in the following section. 
 





Fig 4.3 Charge/discharge profiles of (a) LiNi0.5Mn1.5O4, (b) LiNi0.4Rh0.05Mn1.5O4 
and (c) LiNi0.425Rh0.05Mn1.5O4. 
 
Figs 4.3(a) through 4.3(c) display the charge/discharge profiles of the three 
spinel cathodes at 0.2 C. The accessible discharge capacity of LiNi0.5Mn1.5O4, 
LiNi0.4Rh0.05Mn1.5O4 and LiNi0.425Rh0.05Mn1.5O4 is about 130, 123 and 132 mAh g
-1
 




reduced its accessible capacity above 4.5 V; while the capacity above 4.5 V rises as 
the Ni content increases in LiNi0.425Rh0.05Mn1.5O4. Similar to the Ru doped spinels, 
the 4.7 V plateaus of the two Rh doped cathodes decrease compared to that of 
LiNi0.5Mn1.5O4 due to reduced Ni content. 






Fig 4.4 dQ/dV curve of (a) LiNi0.5Mn1.5O4, (b) LiNi0.4Rh0.05Mn1.5O4 and (c) 
LiNi0.425Rh0.05Mn1.5O4. 
 
The dQ/dV curves generated from the 0.2 C charge/discharge profiles are shown 









 redox. The peaks at around 4.0 V are caused by Mn
3+/4+
 redox 
for the LiNi0.5Mn1.5O4. There is no clear additional redox peak pair observed in the 
two Rh doped samples, and no report regarding the Rh redox in spinel structure has 
been published. Therefore, it is presumed to have no redox reaction in the present 
voltage range. The 4.0 V peak pair of LiNi0.425Rh0.05Mn1.5O4 is slightly larger than 
that of LiNi0.4Rh0.05Mn1.5O4, which is usually caused by the presence of Mn
3+
 in 
the spinel lattice. The larger peaks at 4.0 V of LiNi0.425Rh0.05Mn1.5O4 possibly also 
arise from the excess of Mn
3+
 in the lattice. LiNi0.425Rh0.05Mn1.5O4 is designed 
assuming Rh
3+
. Since Rh has two possible valence states 3+ and 4+ as described 
before, it is possible that some Rh
3+
 were oxidized during the synthesis process 
resulting in more Mn
3+
 ions in the lattice. 
 
The potential of the anodic peaks (A1 and A2) and cathodic peaks (C1 and C2) 
of each sample are shown in Fig 4.4. It can be seen that the potential differences 
(A1-C1 and A2-C2) of the three cathodes are nearly the same, unlike 
LiNi0.4Ru0.05Mn1.5O4 exhibiting significantly improved reaction kinetics in Chapter 
3. Therefore, the charge transportation process of Rh doped cathodes may not be 









Fig 4.5 Rate capability of (a) LiNi0.5Mn1.5O4, (b) LiNi0.4Rh0.05Mn1.5O4 and (c) 
LiNi0.425Rh0.05Mn1.5O4 
 
Figs 4.5(a) through 4.5(c) compare the rate capabilities of LiNi0.5Mn1.5O4, 
LiNi0.4Rh0.05Mn1.5O4 and LiNi0.425Rh0.05Mn1.5O4. At low rates of 0.2 C and 0.5 C, 
the capacities of LiNi0.5Mn1.5O4 are comparable with those of 
LiNi0.425Rh0.05Mn1.5O4, and are higher than those of LiNi0.4Rh0.05Mn1.5O4. At higher 
rates of 5 C and 10 C, the two Rh doped cathodes show larger capacity and smaller 
polarization compared with LiNi0.5Mn1.5O4, which suggests the two Rh doped 




improvement is possibly due to the overlap of large 4d orbitals of Rh with O 2p 
orbitals. However, capacities of the Rh doped samples at 5 C and 10 C are much 
lower than those of LiNi0.4Ru0.05Mn1.5O4 as shown in Chapter 3, and their 
polarization level at 10 C is also higher than that of LiNi0.4Ru0.05Mn1.5O4. It can be 
inferred that the conductivity of the two Rh doped cathodes is lower than that of 
LiNi0.4Ru0.05Mn1.5O4. 
4.3.4 Cyclic performance at 10 C      
  
 
Fig 4.6 Cyclic performance of LiNi0.5Mn1.5O4 and Rh doped LiNi0.5Mn1.5O4 at 
1470 mAh. g
-1
 (10 C). 
 
 
Fig 4.6 compares the cyclic performances of LiNi0.5Mn1.5O4, 
LiNi0.4Rh0.05Mn1.5O4 and LiNi0.425Rh0.05Mn1.5O4 at 10 C charge/discharge rate. At 
the initial cycles, LiNi0.4Rh0.05Mn1.5O4 and LiNi0.425Rh0.05Mn1.5O4 are able to 
deliver nearly the same capacity of 102 and 101 mAh g
-1




LiNi0.5Mn1.5O4 can only release 65 mAh g
-1
 at the first cycles.  After about 150 
cycles, the capacities of the two Rh doped cahtodes tend to be steady.  At the 500
th
 
cycle, LiNi0.4Rh0.05Mn1.5O4 and LiNi0.425Rh0.05Mn1.5O4 can keep 71 (69% capacity 
retention) and 74 mAh g
-1
 (73% capacity retention) respectively. LiNi0.5Mn1.5O4 
can only maintain less than 40 mAh g
-1
 (61% capacity retention) at the 500
th
 cycle. 
Obviously, Rh doping can improve the cyclic performance at high charge/discharge 
rate. Considering the suppressed polarization and enlarged high rate capacity of the 
Rh doped cathodes in the rate capability test, the improvement in cyclic 
performance of the Rh doped cathodes may also be attributed to enhanced 
conductivity similar to the effect of Ru doping in Chapter 3. During the high rate 
cyclic test, the cathodes are broken and reunited irregularly due to particle cracking, 
therefore some peaks and dips are appeared on the capacity curves. 
 
4.4 Summary 
LiNi0.4Rh0.05Mn1.5O4 and LiNi0.425Rh0.05Mn1.5O4 cathodes have been designed 
and successfully synthesized using solid state reactions. XRD results suggest that 
the two Rh doped cathodes adopt cubic spinel structure and belong to       
space group. The Rh doped cathodes possess two types of particle: one is about 1 
µm, the other, 200 nm. The comparison of electrochemical performances 
demonstrates that Rh doping is able to improve high rate performances, due to 




O 2p orbitals. However, measurement and comparison of conductivity in this work 
is not feasible since sintering Rh doped samples under the experimental conditions 
of the present investigation could not yield pellets dense enough for conductivity 
test. In future, the valence state of Rh in the spinel structure could be obtained by 
XPS measurement performed on thin film of the cathodes. During high rate 
charge/discharge process, the structural stability of cathode is strongly associated 
with its conductivity as described in the introduction. In future, high resolution 
ex-situ XRD measurement on thin film cathode may help understand the structure 
variations. Both LiNi0.4Rh0.05Mn1.5O4 and LiNi0.425Rh0.05Mn1.5O4 cathodes are not 





Chapter 5. Nb doped LiNi0.5Mn1.5O4 with 
spinel structure 
Niobium (Nb) is another 4d transition metal which is of great interest to the 





 is 0.68 Å and 0.64 Å respectively, which is close to that of Ni
2+
 
(0.69 Å) [121]. Second, trace doping Nb
5+
 into SrTiO3 and TiO2 has led to a 
dramatic increase in electronic conductivity [118, 119, 152-154], even though the 
4d orbitals of Nb
5+
 are empty. In this chapter, three types of Nb doped 
LiNi0.5Mn1.5O4: LiNi0.425Nb0.03Mn1.5O4, LiNi0.4Nb0.04Mn1.5O4 and 
LiNi0.4Nb0.05Mn1.5O4 have been investigated. Their crystal structures, particle 
morphologies and electrochemical performances will be investigated and 
discussed. 
5.1 Material design 
The advantages of octahedral vacancies have been demonstrated by Ru and Rh 
doped LiNi0.5Mn1.5O4 cathodes in Chapters 3 and 4. This strategy is also used to 
design Nb doped LiNi0.5Mn1.5O4, and only charge neutrality must be maintained in 





 doping experiments. 
For Nb
5+
 doping, firstly the number of Li and Mn is fixed as 1 and 1.5 
respectively. Some Ni
2+
 are substituted by non-equivalent Nb
5+




vacancies at the octahedral sites. The numbers of Ni and Nb are denoted as y and z 
respectively, and can be obtained from equation (11) to maintain charge neutrality 
without introducing undesired Mn
3+
 ions. 
1+y×2+z×5+1.5×4=4×2                                            (11) 
Based on equation (11), y can be calculated by y=0.5-2.5×z Therefore two 
formulas of LiNi0.425Nb0.03Mn1.5O4 and LiNi0.4Nb0.04Mn1.5O4 are generated and 
investigated. Further increase in z value to 0.05 will cause too much decrease in Ni 
content leading to low capacity. 
  For Nb
4+
 dopant, the amount of Ni can be rewritten as y=0.5-2×z. It should be 
pointed out that the formation of Nb
4+
 with spinel structure would be difficult, 
since NbO2 is usually obtained by reduction of Nb2O5 at elevated temperatures 
[155-158]. In this work, NbO2 is used as precursors attempting to introduce Nb
4+
 
ions into the lattice. And the z was selected as 0.05 to yield a formula of 
LiNi0.4Nb0.05Mn1.5O4. 
All Nb doped samples in this section have been synthesized using solid state 
reactions as described in Chapter 2. 
5.2 Material Characterization 
The XRD profiles of LiNi0.5Mn1.5O4, LiNi0.4Nb0.05Mn1.5O4, LiNi0.4Nb0.04Mn1.5O4 
and LiNi0.425Nb0.03Mn1.5O4 are shown in Fig 5.1. Weak peaks at 37.5 º, 45.3 º and 
63.7 º are due to undesired LixNi1-xO impurity. Almost all the Nb doped samples 




and 34.8 º. Comparing the intensities of these peaks, LiNi0.4Nb0.05Mn1.5O4 contains 
much more LiNbO3 impurity than the other two Nb doped samples. 
 
Fig 5.1 XRD profiles of LiNi0.5Mn1.5O4, LiNi0.425Nb0.03Mn1.5O4, 
LiNi0.4Nb0.04Mn1.5O4 and LiNi0.4Nb0.05Mn1.5O4. 
.  





, and NbO2 is used to synthesize LiNi0.4Nb0.05Mn1.5O4, the presence 
of large amount of LiNbO3 suggests that Nb
5+
 ions are more favorable than Nb
4+
 
under the synthesis conditions employed in the present study. Weak peaks of 
LiNbO3 can still be observed in LiNi0.4Nb0.04Mn1.5O4 designed to accommodate 
Nb
5+
, which implies that Nb2O5 tends to form LiNbO3 prior to forming spinel 
phase. These peaks almost disappear in LiNi0.425Nb0.03Mn1.5O4 implying some Nb
5+
 
may be successfully introduced into the spinel lattice. LiNbO3 is a poor electronic 




3.0 and 0.05 V [161, 162]. The existence of LiNbO3 would damage the 
electrochemical performances due to its poor electronic conductivity. 
Excluding LiNbO3, the major peaks in the XRD profiles of Nb doped samples fit 
well to the space group of       suggesting random distribution of transition 
metal ions in the octahedral sites. Similar to the Ru and Rh doped spinels, all spinel 
peaks of Nb doped samples are shifted to lower degree compared with those of 
pristine LiNi0.5Mn1.5O4, indicating an increase in lattice constants after Nb doping. 
The (440) peak at about 63.5 º is chosen to calculate the lattice parameter of each 
sample based on equations (9) and (10) 
Table 5.1 lists the d spacing of (440) planes and the lattice constant of each 
sample. Similar to Ru and Rh doped LiNi0.5Mn1.5O4, all Nb doped spinels have 





 are smaller than that of Ni
2+
. Such increase in lattice constant could 
be due to the same effect of Ru and Rh doping described before. And the lattice 
parameter variation provides a hint of Nb doping into structure. Both the expanded 
lattice structure and octahedral vacancies of Nb doped spinels would facilitate 
lithium ions transportation within the lattice. 
 
Table 5.1 Lattice parameters of LiNi0.5Mn1.5O4, LiNi0.425Nb0.03Mn1.5O4, 
LiNi0.4Nb0.04Mn1.5O4 and LiNi0.4Nb0.05Mn1.5O4. 
 
 
LiNi0.5Mn1.5O4 LiNi0.425Nb0.03Mn1.5O4 LiNi0.4Nb0.04Mn1.5O4 LiNi0.4Nb0.05Mn1.5O4 
d (Å) 1.4458 1.4485 1.4488 1.4489 








Fig 5.2 SEM morphology of (a) LiNi0.5Mn1.5O4, (b) LiNi0.425Nb0.03Mn1.5O4, (c) 
LiNi0.4Nb0.04Mn1.5O4 and (d) LiNi0.4Nb0.05Mn1.5O4. 
 
Figs 5.2(a) through 5.2(d) display the particle morphologies of as-synthesized 
LiNi0.5Mn1.5O4, LiNi0.4Nb0.05Mn1.5O4, LiNi0.4Nb0.04Mn1.5O4 and 
LiNi0.425Nb0.03Mn1.5O4. The average particle size of all Nb doped LiNi0.5Mn1.5O4 is 
slightly larger than that of LiNi0.5Mn1.5O4, suggesting that Nb may have assisted 
the reaction kinetics. The particles of Nb doped samples exhibit quite different 
shape compared to that of LiNi0.5Mn1.5O4. Unlike particles of LiNi0.5Mn1.5O4 
possessing octahedral shape with sharp edges and flat surfaces, particles of 
LiNi0.4Nb0.04Mn1.5O4 and LiNi0.4Nb0.05Mn1.5O4 have more rounded shape with 
corrugated surfaces.  With the lowest Nb content, the particle of 




tends to grow into rounded shape. Nb doped particles are not as well sintered 
together as the LiNi0.5Mn1.5O4 particles, making the preparation of dense pellets for 
conductivity tests not feasible. 
5.3 Electrochemical performances 
Nb
4+





 2p orbitals may result in enhanced conductivity leading to 
improved high rate performances of Nb doped LiNi0.5Mn1.5O4.  However, XRD 
results show that all the Nb doped samples contain LiNbO3 impurity, and it appears 
that Nb
5+
 ions are more favorable in the spinel lattice. Nb
5+
 doping has been 
reported to be able to enhance the conductivity of TiO2 and SrTiO3. In this section, 
the electrochemical performances of Nb doped cathodes and pristine 
LiNi0.5Mn1.5O4 are tested and compared. 
5.3.1 Charge/discharge performance at 0.2 C 
Figs 5.3(a) through 5.3(d) display the charge/discharge profiles of 
LiNi0.5Mn1.5O4 and Nb doped electrodes at 0.2 C.  The LiNi0.5Mn1.5O4 cathode 
delivers the largest capacity of 130 mAh g
-1
, while the accessible capacity of Nb 
doped cathodes decreases with increase in Nb doping content. LiNi0.4Nb0.05Mn1.5O4 
containing a large amount of LiNbO3 can only release 113 mAh g
-1
, while 
LiNi0.4Nb0.04Mn1.5O4 with less LiNbO3 releases 118 mAh g
-1
. It is obvious that the 




5.0 V due to reduction in Ni. LiNi0.425Nb0.03Mn1.5O4 is nearly free of LiNbO3 and 
can deliver 123 mAh g
-1
 at 0.2 C. Comparing the discharge capacity released by the 
4.7 V plateau, LiNi0.425Nb0.03Mn1.5O4 delivers more than 90 mAh g
-1
 at about 4.7 V, 
which is lower than that of LiNi0.5Mn1.5O4 due to reduced Ni content. With lesser 
Ni content, both LiNi0.4Nb0.04Mn1.5O4 and LiNi0.4Nb0.05Mn1.5O4 have a shorter 4.7 
V discharge plateau than that of LiNi0.425Nb0.03Mn1.5O4. The 4.0 V discharge 
plateaus of LiNi0.425Nb0.03Mn1.5O4 and LiNi0.4Nb0.04Mn1.5O4 contribute more 





Fig 5.3 Charge/discharge profiles of (a) LiNi0.5Mn1.5O4, (b) LiNi0.425Nb0.03Mn1.5O4, 









Fig 5.4 dQ/dV curve of (a) LiNi0.5Mn1.5O4, (b) LiNi0.425Nb0.03Mn1.5O4, (c) 
LiNi0.4Nb0.04Mn1.5O4 and (d) LiNi0.4Nb0.05Mn1.5O4. 
 
The dQ/dV curves generated from the 0.2 C charge/discharge data are shown in 
Fig 5.4. The positions of the peaks of Nb doped samples are similar to those of 





 redox. The peaks at about 4.0 V is caused by Mn
3+/4+
 redox for 
LiNi0.5Mn1.5O4. No clear additional redox peak pair was observed in all the Nb 




published. Based on dQ/dV measurements and reports, it may be concluded that 
Nb redox reactions in spinel strcutre do not occur over this voltage range. 
The potentials of the anodic peaks (A1 and A2) and cathodic peaks (C1 and C2) 
of each sample are also shown in Fig 5.4. It can be seen that the potential 
differences of LiNi0.425Nb0.03Mn1.5O4 and LiNi0.4Nb0.04Mn1.5O4 are nearly the same 
as those of LiNi0.5Mn1.5O4. Due to the existence of large amount of LiNbO3 with 
poor electronic conductivity, LiNi0.4Nb0.05Mn1.5O4 shows the largest potential 
differences of 50 and 60 mV for A1-C1 and A2-C2 respectively, indicating a very 
sluggish charge transportation process. It can be expected that the existence of 
LiNbO3 would have a negative impact on their electrochemical performances at 
high rate. 
5.3.3 Rate capability 
Figs 5.5(a) through 5.5(d) compare the rate capability of LiNi0.5Mn1.5O4, 
LiNi0.425Nb0.03Mn1.5O4, LiNi0.4Nb0.04Mn1.5O4 and LiNi0.4Nb0.05Mn1.5O4. At low 
rates of 0.2 and 0.5 C, the capacities of LiNi0.5Mn1.5O4 are higher than those of all 
Nb doped LiNi0.5Mn1.5O4.  At higher rates of 5 and 10 C, LiNi0.425Nb0.03Mn1.5O4 
and LiNi0.4Nb0.04Mn1.5O4 cathodes show larger capacity and smaller polarization 
compared to that of LiNi0.5Mn1.5O4. This suggests that LiNi0.425Nb0.03Mn1.5O4 and 
LiNi0.4Nb0.04Mn1.5O4 possess better conductivity than that of LiNi0.5Mn1.5O4 due 
possibly to octahedral vacancies and partial Nb ions doped into spinel lattice. The 5 




LiNi0.425Nb0.03Mn1.5O4, which may be ascribed to its lower Ni content and more 
LiNbO3 with poor conductivity. Comparing the 5 C and 10 C results, it may be 
reasonable to infer that the content of LiNbO3 impurity in LiNi0.425Nb0.03Mn1.5O4 
and LiNi0.4Nb0.04Mn1.5O4 may still be below a critical point of severely 
deteriorating discharge capacity at high rates. However, LiNi0.4Nb0.05Mn1.5O4 
suffers large polarization when discharged at 5 C and 10 C, and the corresponding 
discharge capacities are even smaller than those of LiNi0.5Mn1.5O4. This suggests 
that large amount of LiNbO3 impurity with poor conductivity could have 





Fig 5.5 Rate capability of (a) LiNi0.5Mn1.5O4, (b) LiNi0.425Nb0.03Mn1.5O4, (c) 








Fig 5.6 Cyclic performance of LiNi0.5Mn1.5O4 and Nb doped LiNi0.5Mn1.5O4 at 
1470 mAh. g
-1
 (10 C). 
 
Fig 5.6 compares the cyclic performance of LiNi0.5Mn1.5O4, 
LiNi0.425Nb0.03Mn1.5O4, LiNi0.4Nb0.04Mn1.5O4 and LiNi0.4Nb0.05Mn1.5O4 at 10 C 
charge/discharge rate. At the initial cycles, both LiNi0.425Nb0.03Mn1.5O4 and 
LiNi0.4Nb0.04Mn1.5O4 are able to deliver nearly 86 and 85 mAh g
-1
 respectively. 
LiNi0.5Mn1.5O4 and LiNi0.4Nb0.05Mn1.5O4 can maximally release 65 and 59 mAh g
-1
 
respectively at the first cycles. After about 130 cycles, the capacity of 
LiNi0.4Nb0.04Mn1.5O4 begins to decrease more quickly than that of 
LiNi0.425Nb0.03Mn1.5O4. At the 500
th
 cycle, LiNi0.425Nb0.03Mn1.5O4 and 






(61% capacity retention) respectively, while LiNi0.5Mn1.5O4 and 
LiNi0.4Nb0.05Mn1.5O4 can only maintain about 40 (61% capacity retention) and 36 
mAh g
-1
 (61% capacity retention) at the 500
th
 cycle respectively. During the high 
rate cyclic test, the cathodes are broken and reunited irregularly due to particle 
cracking, therefore some peaks and dips are appeared on the capacity curves. 
Considering the suppressed polarization and enlarged high rate capacities of 
LiNi0.425Nb0.03Mn1.5O4 and LiNi0.4Nb0.04Mn1.5O4 cathodes shown in the rate 
capability test, the improvement on cyclic performance of the two Nb doped 
cathodes should also be attributed to lower polarization. The suppressed 
polarization may have resulted from octahedral vacancies and partial Nb doping. 
LiNbO3 impurity may also play an important role in high rate cyclic performance. 
LiNi0.4Nb0.04Mn1.5O4 deteriorates faster after 130 cycles, which may mainly be 
ascribed to the larger amount of LiNbO3 impurity content than that of 
LiNi0.425Nb0.03Mn1.5O4 since more LiNbO3 will cause poorer conductivity leading 
to more severe Li
+
 ions jamming at the surfaces of the particles and accumulation 
of undesired Mn
3+
 upon cycling. After certain cycles, the J-T distortion caused by 
large amount of Mn
3+
 seriously damages the particles leading to further reduction 
in conductivity. The two negative factors work then together to cause faster 
deterioration in the capacity of LiNi0.4Nb0.04Mn1.5O4. The largest amount of 






LiNi0.425Nb0.03Mn1.5O4, LiNi0.4Nb0.04Mn1.5O4 and LiNi0.4Nb0.05Mn1.5O4 cathodes 
have been designed and synthesized using solid state reactions. XRD results show 
that all Nb doped samples contain LiNbO3 impurity. Calcinations under N2 and Ar 
atmosphere were used to eliminate LiNbO3 impurity; however XRD results show 
that the obtained materials still contain LiNbO3. Excluding the LiNbO3 impurity, 
other XRD peaks of the cathodes doped with Nb fit well with cubic spinel structure 
belonging to       space group. The particle sizes of Nb doped samples are 
larger than that of pristine LiNi0.5Mn1.5O4. With increase in Nb content, particles 
tend to possess a more rounded shape. Electrochemical tests show that 
LiNi0.425Nb0.03Mn1.5O4 and LiNi0.4Nb0.04Mn1.5O4 have improved high rate 
performances compared to that of LiNi0.5Mn1.5O4 due possibly to enhanced 
conductivity resulting from octahedral vacancies and partial Nb doping. 
LiNi0.4Nb0.05Mn1.5O4 shows poorer high rate performances than that of 
LiNi0.5Mn1.5O4, which may be ascribed to the large amount of LiNbO3 impurity 
with poor electronic conductivity. Measurement and comparison of conductivity in 
this work is not feasible due to the difficulty in preparing dense enough pellets of 
Nb doped sample under the experimental conditions employed. Due to effects of 
LiNbO3 impurity, Nb doped LiNi0.5Mn1.5O4 cathodes exhibit poorer 
electrochemical performances than those of Ru and Rh doped LiNi0.5Mn1.5O4 
cathodes. It can generally conclude that Ru has the better doping effects than Rh 




Chapter 6. LiNi0.5-2zRuzMn1.5O4 with 
submicron sized particles 
  In previous chapters, 4d transition metals (Ru, Rh and Nb) doped spinel 
LiNi0.5Mn1.5O4 cathodes have been synthesized by solid state reactions. Their 
particle sizes are generally around 1 µm despite differences in particle shapes. 
These newly developed spinel cathodes have exhibited improved high rate 
performances compared to LiNi0.5Mn1.5O4 if impurities can be properly managed. 
Among them, the Ru doped LiNi0.5-2zRuzMn1.5O4 (z=0.01, 0.03 and 0.05) cathodes 
without impurity yield the best high rate performances. To achieve better high rate 
performances of LiNi0.5-2xRuxMn1.5O4 cathodes, effect of particle size is further 
investigated.  Previously, nano-sized LiNi0.5Mn1.5O4 with spinel structure has 
been successfully synthesized using Pechini method (PE) [59, 163], 
Resorcinol-formaldehyde assisted method (RF) [164] and polymer assisted 
mechanical activation method (PA) [107, 165]. Results from these investigations 
have shown improved high rate performances.  In this chapter, PE method, RF 
assisted method and PA method will be employed to synthesize phase pure spinel 
cathodes with Ru doping. To achieve this LiNi0.5Mn1.5O4 and LiNi0.4Ru0.05Mn1.5O4 
will be synthesized to select and optimize the best synthesis method.  Thereafter, 
LiNi0.5-2zRuzMn1.5O4 (z=0, 0.01, 0.03 and 0.05) will be synthesized using the 
selected method. Crystal characterization and electrochemical tests will be 




6.1 Material preparation and comparison 
   
  PE method requires metal nitrates as starting materials, while RF and PA 
methods require metal acetates as starting materials. Ruthenium nitrate and 
Ruthenium acetate are not readily available and extremely expensive. Ruthenium 
chloride (RuCl3), which is easier to access, was therefore used as a precursor. Both 
LiNi0.5Mn1.5O4 and LiNi0.4Ru0.05Mn1.5O4 were synthesized by the three methods to 
examine whether reduced particle size and phase pure spinel structure can be 
obtained. The final calcination temperatures are set at 700, 700 and 800 ºC for PE, 
RF and PA method respectively, according to previous reports [59, 107, 163-165]. 
The detailed synthesis routes have been described in Chapter 2. The products 
obtained are named as PE-, RF- and PA-, according to different synthesis methods. 
   
  Fig 6.1 shows the particle morphologies of LiNi0.5Mn1.5O4 and 
LiNi0.4Ru0.05Mn1.5O4 prepared by PE, RF and PA methods. The particles of 
PE-LiNi0.5Mn1.5O4 are homogeneous and are around 70-80 nm as shown in Fig 
6.1(a); while the particles of PE-LiNi0.4Ru0.05Mn1.5O4 shown in Fig 6.1(b) are more 
heterogeneous, where some particles are less than 50 nm while others larger than 









Fig 6.1 SEM morphology of (a) PE-LiNi0.5Mn1.5O4, (b) PE-LiNi0.4Ru0.05Mn1.5O4, (c) 
RF-LiNi0.5Mn1.5O4, (d) RF-LiNi0.4Ru0.05Mn1.5O4, (e) PA-LiNi0.5Mn1.5O4 and (f) 
PA-LiNi0.4Ru0.05Mn1.5O4 
   
The particles of RF-LiNi0.5Mn1.5O4 and RF-LiNi0.4Ru0.05Mn1.5O4 shown in Figs 
6.1(c) and 6.1(d) are homogeneously distributed with an average size of 150 nm. 





Figs 6.1(e) and 6.1(f) reveal that the particles of PA-LiNi0.5Mn1.5O4 and 
PA-LiNi0.4Ru0.05Mn1.5O4 are homogeneously distributed with an average size of 
300 nm. It can be clearly seen that both PA-LiNi0.5Mn1.5O4 and 
PA-LiNi0.4Ru0.05Mn1.5O4 particles are well crystallized with almost perfect 
octahedral shape. Lower calcination temperatures were used to produce cathodes 
with smaller particle size of around 150 nm; however, many organic residues were 
found existing in obtained materials. 
   Smaller particle size would be benefit to charge transportation. Good 
crystallinity is also a prerequisite for good electrochemical performances of 
LiNi0.5Mn1.5O4 based cathodes since poorly crystallized particles are vulnerable to 
acid attack in the electrolyte. 
   
Figs 6.2(a) through 6.2(c) compare the XRD results of LiNi0.5Mn1.5O4 and 
LiNi0.4Ru0.05Mn1.5O4 synthesized by PE, RF and PA methods. The major XRD 
peaks of PE-LiNi0.5Mn1.5O4 and PE-LiNi0.4Ru0.05Mn1.5O4 shown in Fig 6.2(a) are 
not as sharp as those shown in Figs 6.2(b) and 6.2(c) indicating poor crystallinity, 
which is consistent with SEM observation. LixNi1-xO impurity was detected in 
PE-LiNi0.5Mn1.5O4. For PE-LiNi0.4Ru0.05Mn1.5O4, a weak peak at around 28 ºwas 
detected and possibly belongs to RuO2, as it matches better to a major peak of 










Fig 6.2 XRD results of (a) PE-LiNi0.5Mn1.5O4, PE-LiNi0.4Ru0.05Mn1.5O4, (b) 
RF-LiNi0.5Mn1.5O4, RF-LiNi0.4Ru0.05Mn1.5O4, and (c) PA-LiNi0.5Mn1.5O4 and 
PA-LiNi0.4Ru0.05Mn1.5O4 
   




weak peaks at 37.5 º, 45.3 º and 63.7 º are due to LixNi1-xO impurity, which is 
commonly observed in LiNi0.5Mn1.5O4 synthesized at 800 ºC. For 
RF-LiNi0.4Ru0.05Mn1.5O4, clear peaks were detected at 28.04, 35.08 and 54.25 º, 
which belong to RuO2. Fig 6.2(c) displays the XRD profiles of PA-LiNi0.5Mn1.5O4 
and PA-LiNi0.4Ru0.05Mn1.5O4. It can be seen that no RuO2 impurity was detected in 
PA-LiNi0.4Ru0.05Mn1.5O4, but LixNi1-xO impurity is still present in 
PA-LiNi0.5Mn1.5O4. 
  The formation of RuO2 impurity in PE-LiNi0.4Ru0.05Mn1.5O4 and 
RF-LiNi0.4Ru0.05Mn1.5O4 could be attributed to water involved in the synthesis. 
RuCl3 is known to be very hydrophilic [166], and it can easily transform to 
RuCl3·xH2O once meeting water. RuCl3·xH2O is very stable, and can keep its 
hydrous form even at 125 ºC for 200 days [167]. RuCl3·xH2O can transform into 
RuO2 at a temperature as high as 450 ºC [168]. During the heating and stirring 
process of PE-LiNi0.4Ru0.05Mn1.5O4 and RF-LiNi0.4Ru0.05Mn1.5O4, it is highly 
possible that RuCl3·xH2O is segregated but other metal ions are homogeneously 
distributed in the solutions. Ru ions therefore are also segregated in the mixtures 
obtained, and RuO2 impurity may easily be formed during the final calcination. 
Attempts to eliminate RuO2 using ball-milling and anneal at different temperatures 
are unsuccessful for PE and RF methods. In contrast, formation of RuCl3·xH2O can 
be avoided in PA method since water is not involved in the synthesis process, and 
thus the distribution of Ru ions can be as homogeneous as other metal ions during 




LiNi0.4Ru0.05Mn1.5O4 can be obtained in the final calcination with PA method.  
  Although RuO2 is highly conductive and may be benefit for the charge 
transportation of PE-LiNi0.4Ru0.05Mn1.5O4 and RF-LiNi0.4Ru0.05Mn1.5O4 cathodes, 
the purpose of this experiment is to introduce Ru in to the spinel structure, and thus 
RuO2 impurity is undesired. Therefore, PA method is selected to synthesize the 
LiNi0.5-2zRuzMn1.5O4 cathodes (z=0, 0.01, 0.03 and 0.05) with reduced particle size. 
 




Fig 6.3 SEM morphology of PA-LiNi0.5-2zRuzMn1.5O4 with (a) z=0, (b) z=0.01, (c) 
z=0.03 and (d) z=0.05. 
 




0.01, 0.03 and 0.05). The average particle size is only about 300 nm, which is less 
than half of the particle size of LiNi0.5-2zRuzMn1.5O4 synthesized by traditional solid 




Table 6.1 ICP results of PA-LiNi0.5-2zRuzMn1.5O4 (z=0, 0.01, 0.03, and 0.05) 
 
Ru content Li Ni Ru Mn 
z=0 0.97 0.5 0 1.5 
z=0.01 0.97 0.48 0.01 1.5 
z=0.03 0.98 0.44 0.03 1.49 
z=0.05 0.98 0.4 0.05 1.5 
 
 
The elemental ratios of PA-LiNi0.5-2zRuzMn1.5O4 (z=0, 0.01, 0.03 and 0.05) were 
determined by ICP-AES measurements. The results are shown in Table 6.1. It can 
be seen from the table that the elemental ratio of Ni, Ru and Mn is basically 
consistent with the designed composition. However, the content of lithium in each 
sample does not reach 1, which probably is ascribed to the low sensitivity of the 
ICP technique to light metal elements such as lithium. Existence of trace amount of 
impurity elements may also lead to such deviation. Generally, the Ru doping 






Fig 6.4 XRD results of LiNi0.5-2zRuzMn1.5O4 (z=0, 0.01, 0.03 and 0.05) 
 
 





The XRD profiles of LiNi0.5-2zRuzMn1.5O4 (z=0, 0.01, 0.03 and 0.05) are shown 
in Fig 6.4.   Weak peaks observed at 37.5 º, 45.3 º and 63.7 º are due to LixNi1-xO 
impurity in the LiNi0.5Mn1.5O4 sample, which is a commonly observed byproduct 
in the synthesis of LiNi0.5Mn1.5O4. All the Ru-doped samples reveal phase-pure 
cubic spinel structure without impurity, which is consistent with earlier reports that 
cationic doping can suppress the formation of LixNi1-xO and stabilize the spinel 
crystal structure [105]. The presence of (220) weak peaks may imply some extent 
of „cation mixing‟ with the presence of heavier transition metal ions in the 
tetrahedral 8a site instead of Li
+
 ions [107, 134, 169]. There is no clear evidence of 
the existence of RuO2 in the final products, which may imply that Ru has been 
doped into the spinel structure.  The XRD profiles for the four spinels show that 
all the peaks fit well to the space group of       implying random mixing of 
transition metal ions in the octahedral sites. However, the difference between 
      and P4332 structure is very small in their XRD profiles.  Fourier 
transform infrared spectra (FTIR) has been proven to be sensitive to the lattice 
variation (ordered or disordered) of LiNi0.5Mn1.5O4 based cathodes [105, 128], and 
therefore FTIR measurement was employed to verify the conclusion of the XRD 
test.  The FTIR spectra of LiNi0.5-2zRuzMn1.5O4 (z=0, 0.01, 0.03 and 0.05) shown 
in Fig 6.5 exhibits similar profiles, implying that they all adopt the same crystal 
structure.  The characteristic bands (at about 465 and 430 cm
-1
) of the cation 
ordered structure (P4332) were not observed in the spectra of LiNi0.5-2zRuzMn1.5O4 




four spinels adopt a cation disordered structure (     ) which is consistent with 
the result of XRD analysis.    
 
6.3 Electrochemical performances 
 
  Great improvements in electrochemical performances have been achieved on 
the micron sized LiNi0.5-2zRuzMn1.5O4 synthesized by solid state reaction as 
described in Chapter 3. It is well known that reduction in particle size is another 
effective strategy in enhancing high rate performances of cathode materials. 
Therefore, submicron sized PA-LiNi0.5-2zRuzMn1.5O4 cathodes are investigated by a 
series of electrochemical test. To further exploit their high rate performances, high 
conductive Super P was used instead of carbon black to mix with submicron-sized 
PA-LiNi0.5-2zRuzMn1.5O4. 
 
6.3.1 Charge/Discharge performance at 0.2 C 
 
  The charge/discharge profiles of cathodes at low current rate usually reflect their 
maximum accessible capacity and theoretical operation voltage plateaus since very 
little polarization exists at low rate.  
 




charged/discharged at a low current rate of 0.2 C to examine their operation 






Fig 6.6 Charge/discharge profiles of PA-LiNi0.5-2zRuzMn1.5O4 at 0.2 C with (a) z=0, 
(b) z=0.01, (c) z=0.03 and (d) z= 0.05 
 
 
The theoretical capacity of LiNi0.5Mn1.5O4 is 147 mAh g
-1
. At 0.2 C rate, the 
accessible discharge capacity of as-synthesized LiNi0.5Mn1.5O4 is about 134 
mAh.g
-1
 as shown in Fig 6.6(a), which is consistent with other researchers‟ results 




of 138 mAh g
-1
 while LiNi0.44Ru0.03Mn1.5O4 and LiNi0.4Ru0.05Mn1.5O4 can release 
similar capacity with LiNi0.5Mn1.5O4. Theoretically, reduction in Ni content would 
lead to decrease in capacity since the Ni
2+/4+
 redox contributes to most of the 
electrons. However, accessible discharge capacities of all Ru doped cathodes do not 
show significant difference compared with that of pristine LiNi0.5Mn1.5O4.  
  
Two distinguishing discharge plateaus can be identified for the pristine 
LiNi0.5Mn1.5O4. The major one is at about 4.7 V attributing to Ni
2+/4+
 redox 
reactions. The smaller one is at about 4.0 V caused by the small amount of Mn
3+/4+
 
redox reactions, which is commonly seen in LiNi0.5Mn1.5O4 with       space 
group. For pristine LiNi0.5Mn1.5O4, the 4.7 V plateau contributes more than 110 
mAh g
-1
 of discharge capacity. While for Ru doped samples, all 4.7 V plateaus 
shrink due to less Ni
2+
 content. The 4.7 V plateaus of LiNi0.4Ru0.05Mn1.5O4 only 
contribute to less than 100 mAh g
-1
 discharge capacity. The plateaus around 4.0 V 
of all Ru doped samples become longer compared to that of pristine LiNi0.5Mn1.5O4. 
At this point, it is difficult to determine whether additional Mn
3+
 ions are 
introduced into LiNi0.4Ru0.05Mn1.5O4 since Reddy et al. have proven that Ru
4+/5+
 
redox is active in spinel-structured LiMn2-xRuxO4 and contribute to discharge 
capacity at around 4.2 V [122].  It is also highly possible that Ru
4+/5+
 redox 
reactions can work in spinel-structured LiNi0.5-2xRuxMn1.5O4 resulting in elongation 





6.3.2 Redox reaction analysis and lithium diffusivity 
The galvanostatic curves of LiNi0.5-2zRuzMn1.5O4 (z=0, 0.01, 0.03 and 0.05) are 
plotted in the form of differential capacities (dQ/dV) and shown in Figs 6.7(a) 





Fig 6.7 dQ/dV curve of PA-LiNi0.5-2zRuzMn1.5O4 with (a) z=0, (b) z=0.01, (c) 
z=0.03 and (d) z= 0.05 
 
The dQ/dV curve of PA-LiNi0.5Mn1.5O4 shows several peaks with increasing 
voltage, which are ascribed to oxidation of the constituents in the cathode materials. 








 redox.  Similar peak pairs are found in the dQ/dV profiles of all Ru 
doped samples. Interestingly, there is nearly no clear peak present at around 4.0 V 
for the submicron sized PA-LiNi0.5Mn1.5O4, which can be easily observed on the 
dQ/dV profiles of micron sized LiNi0.5Mn1.5O4 prepared by solid state reactions in 
previous research carried out in the present study. It is known that Mn
3+/4+
 is the 
origin of the 4.0 V peaks in LiNi0.5Mn1.5O4. This result implies that polymer 
assisted method is less prone to generate Mn
3+
 ions in the lattice compared to solid 
state reactions at 800 ºC.  Another interesting observation is that a broad peak pair 
ranging from 4.0 to 4.3 V appears in all Ru doped samples, and become larger as 
Ru content increases. Reddy et al. have observed clear redox peaks of Ru
4+/5+
 in 
spinel structured LiMn2-xRuxO4 between 4.0 and 4.3 V [122], therefore, the 
variation in the broad peak pair in this range may provide a hint that Ru
4+/5+
 redox 
may also contribute in charge transportation in LiNi0.5-2zRuzMn1.5O4. However, due 
to the trace amount of Ru content and overlap with Mn
3+/4+
 peaks, the effect of 
Mn
3+/4+
 redox also cannot be ruled out. 
The potential values of anodic peaks (A1 and A2) and cathodic peaks (C1 and 
C2) of PA-LiNi0.5-2zRuzMn1.5O4 (z=0, 0.01, 0.03 and 0.05) at around 4.7 V were 
carefully examined, and they are shown in Fig 6.7. The potential differences of 
A1-C1 and A2-C2 can reflect the ease of insertion/extraction of Li
+
 ions in the 
spinel structure [105, 143].
 
 It can be seen that the potential differences of 
PA-LiNi0.5-2zRuzMn1.5O4 are nearly the same. It is different from the previous 




which the potential differences become smaller for the Ru doped samples.  This 
may be attributed to the dramatically reduced particle size (300 nm). As particle 
size decreases, the charge transportation distance from surfaces to cores of the 
particles also decreases dramatically, so that Li
+
 ions and electrons can move in or 
out of the particles easier. In this case, the effect of reduction in particle size is so 
pronounced that it is difficult to distinguish the differences between 
PA-LiNi0.5Mn1.5O4 and PA-LiNi0.5-2zRuzMn1.5O4 (z=0.01, 0.03 and 0.05) from the 
dQ/dV plots.  
  
To reveal the difference in lithium diffusivity within the particles of pristine 
LiNi0.5Mn1.5O4 and Ru doped LiNi0.5Mn1.5O4, potential intermittent titration 
technique (PITT) was employed to measure the lithium diffusion coefficients (DLi) 
of PA-LiNi0.5-2zRuzMn1.5O4 (z=0 and 0.05). During the measurement, a potential 
drop, c.a. 10 mV, was applied and stepped to next level until the corresponded 
current was below ~1μA mg-1. The calculation of the DLi was carried out using Eq. 
(2): 
      
      
     
                                                   (2) 
where I and t are the current and time, respectively, D is the diffusion coefficient of 
lithium, ΔQ is the amount of charge injected during each potential step. L is the 
diffusion distance which approximately equals to the radius of the primary spinel 
particles as determined by SEM images (c.a. 150 nm). Details of this method have 




obtained are depicted in Figs 6.8(a) and 6.8(b) which clearly shows that in the 4.7 
V plateau, the calculated DLi of LiNi0.4Ru0.05Mn1.5O4 should be improved compared 
to that of LiNi0.5Mn1.5O4. With significantly improved lithium diffusivity, 
PA-LiNi0.4Ru0.05Mn1.5O4 is expected to exhibit much better high rate performances. 
 
 
Fig 6.8 The calculated DLi of (a) LiNi0.5Mn1.5O4 and (b) LiNi0.4Ru0.05Mn1.5O4 
6.3.3 Rate capability 
The rate capability of PA-LiNi0.5-2zRuzMn1.5O4 (z=0, 0.01, 0.03 and 0.05) are 








Fig 6.9 Rate capability of PA-LiNi0.5-2zRuzMn1.5O4 with (a) z=0, (b) z=0.01, (c) 
z=0.03 and (d) z=0.05 
 
As shown in Fig 6.9, at a low discharge current of 0.2 C, all submicron sized 
PA-LiNi0.5-2zRuxMn1.5O4 shows similar discharge curves as the micron sized 
LiNi0.5-2zRuzMn1.5O4 in Chapter 3. The effect of particle size is prominent when 
they were discharged at higher discharge rates. PA-LiNi0.5Mn1.5O4 exhibits much 
smaller polarization at 5 C and 10 C compared to micron sized LiNi0.5Mn1.5O4. A 
capacity of 117 mAh g
-1
 was obtained at 10 C from PA-LiNi0.5Mn1.5O4.  With the 
increase in Ru doping content, the capacity of PA-LiNi0.44Ru0.03Mn1.5O4 and 






respectively; while their polarizations are relatively small compared to that of 
PA-LiNi0.5Mn1.5O4. In contrast, micron sized LiNi0.4Ru0.05Mn1.5O4 can only deliver 
117 mAh g
-1





Fig 6.10 Comparison of rate capability of (a) SSC-LiNi0.5Mn1.5O4 and 
PAC-LiNi0.5Mn1.5O4; (b) SSC-LiNi0.4Ru0.05Mn1.5O4 and PAC-LiNi0.4Ru0.05Mn1.5O4. 
SSC/PAC: micron/submicron sized powders mixed with carbon black. 
To show the effect of particle size and rule out the effect of Super P, 
PA-LiNi0.5Mn1.5O4 and PA-LiNi0.4Ru0.05Mn1.5O4 mixed with carbon black 
(PAC-LiNi0.5-2xRuxMn1.5O4, z=0 and 0.05) were tested and compared with micron 
sized LiNi0.5Mn1.5O4 and LiNi0.4Ru0.05Mn1.5O4 synthesized by solid state reactions 
(SSC-LiNi0.5-2xRuxMn1.5O4, z=0 and 0.05). The results as shown in Fig 6.10 prove 
that reduced particle size does result in better performances at high rates. It is 
obvious that Ru doping in LiNi0.5Mn1.5O4 together with reduction in particle size 
can offer outstanding rate capabilities. Ru doping effect has pushed the accessible 
capacity close to its theoretical capacity, therefore both cathodes with different 





















~1 μm ~40 10 C and 20 wt% 
carbon 
LiNi0.4Cr0.2Mn1.5O4 [102] ~1 μm ~140 10 C and 20 wt% super 
P 
LiNi0.5Mn1.5O4 [172] 3~5μm ~130 20 C, 15 wt% carbon 
and external pressure on 
cell 
LiNi0.5Mn1.5O4 [107] 70~80 nm ~105 8 C and 20 wt% carbon 
LiNi0.5Mn1.5O4 [59] ~70 nm ~85 10 C and 13 wt% super 
P 
LiNi0.5Mn1.5O4 [108] ~140 nm ~108 5 C and 10 wt% carbon 
LiNi0.5Mn1.5O4 [109] ~100 nm ~117 5 C and 10 wt% carbon 
LiNi0.4Ru0.05Mn1.5O4 ~300 nm 135 10 C and 10 wt% super 
P 
 
Table 6.2 compares the present results of high rate capability with results from 
other research works. Fe doped LiNi0.5Mn1.5O4 can release 106 mAh g
-1
 at 10 C 
rate [105]. Cr doped LiNi0.5Mn1.5O4 maximally can release nearly 140 mAh g
-1
 at 
10 C rate [102]. However, these results are obtained by using 20 wt% super P or 
carbon, which is twice the weight of conductive agent used in the present study. 
This will inevitably lower the energy density of the battery due to low weight 
percentage of active material. The micron sized LiNi0.4Ru0.05Mn1.5O4 in the present 
research can release 117 mAh g
-1
 at 10 C exhibiting better performance than other 




micron sized LiNi0.5Mn1.5O4 can release nearly 130 mAh g
-1
 at 20 C in their 
research work as shown in Table 6.2. However, such unusually high performance is 
only feasible when a large external pressure is applied on the cell using a C clamp, 
which could significantly reduce the resistance. 
Nano sized LiNi0.5Mn1.5O4 can maximally deliver about 85 mAh g
-1
 at 10 C [59], 
while others only display 5 C and 8 C discharge capacities [107-110], which are 
below the current result at 10 C. The present submicron sized 
PA-LiNi0.4Ru0.05Mn1.5O4 is able to deliver 135 mAh g
-1
 at 10 C discharge rate 
demonstrating the significant effects of Ru doping and reduction in particle size. 
 
6.3.4 Cyclic performance at 10 C 
The cyclic performances of PA-LiNi0.5-2zRuzMn1.5O4 at 10 C charge/discharge 
rate are compared in Fig 6.11. PA-LiNi0.5Mn1.5O4 shows the worst performance, 
with a maximum of 100 mAh g
-1
 at the beginning and 54 mAh g
-1
 at the last cycle 
(54% capacity retention).  PA-LiNi0.4Ru0.05Mn1.5O4 exhibits the best among all 
the samples, which can release c.a. 121 mAh g
-1
 at the first cycles and maintains at 
100 mAh g
-1
 at the 500
th
 cycle (82.6% capacity retention). It is clear that both the 
capacity retention and the available capacity at the last cycle are improved with 
increase in Ru doping content. In contrast, the present study has shown previously 
that the micron sized LiNi0.5Mn1.5O4 and LiNi0.4Ru0.05Mn1.5O4 can only release 40 
mAh g
-1
 and 93 mAh g
-1




rate cyclic performance has been improved by the reduction in particle size, 
enabling PA- LiNi0.4Ru0.05Mn1.5O4 to show the best performances among them. 
. 
 
Fig 6.11 Cyclic performance of PA-LiNi0.5-2zRuzMn1.5O4 (z=0, 0.01, 0.03 and 0.05) 
at 10 C charge/discharge rate. 
 
 
Cyclic performance is mainly affected by structural stability.  As described in 
Chapter 1, at the end of high-rate discharge, Li
+
 ions are easily segregated at the 
surface of LiNi0.5Mn1.5O4 due to limited lithium ion transportation ability, resulting 
in a large amount of Mn
3+ 
ions on the surfaces causing severe J-T distortion and 
detrimental reaction with the electrolyte to damage the particles. The results of 
PITT tests have shown that PA-LiNi0.4Ru0.05Mn1.5O4 possesses much higher 
lithium diffusivity than PA-LiNi0.5Mn1.5O4, and therefore PA-LiNi0.4Ru0.05Mn1.5O4 
will receive less attack caused by Mn
3+




of PA-LiNi0.4Ru0.05Mn1.5O4 would show better integrity than those of 
PA-LiNi0.5Mn1.5O4. To verify this, particle morphologies of both 
PA-LiNi0.5Mn1.5O4 and PA-LiNi0.4Ru0.05Mn1.5O4 after the high-rate cyclic test have 
been examined by SEM and are shown in Fig 6.12. 
 
 
Fig 6.12 Particle morphology of (a) PA-LiNi0.5Mn1.5O4 and (b) PA- 
LiNi0.4Ru0.05Mn1.5O4 after 500 cycles at 10 C charge/discharge rate. 
 
 
Fig 6.12(a) provides clear evidence of damage on the submicron sized particles 
of PA-LiNi0.5Mn1.5O4. It can be seen that there are many cracks appearing on the 
particles of PA-LiNi0.5Mn1.5O4, while some particles are broken. However, the 
submicron sized particles of PA-LiNi0.4Ru0.05Mn1.5O4 shown in Fig 6.12(b) 




with an average size of 50 nm shown in Fig 6.12 are Super P. The faster charge 
transportation ability of PA-LiNi0.4Ru0.05Mn1.5O4 resulting from both the reduced 
particle size and Ru doping effectively prevents the presence of undesirable Mn
3+
 
ions. Therefore, the best 10 C cyclic performance achieved on submicron sized 
PA-LiNi0.4Ru0.05Mn1.5O4 can be explained by its capability in suppressing 
polarization and maintaining crystal structure stability. 
 
 




To further examine the high rate cyclic performance of submicron sized 
PA-LiNi0.4Ru0.05Mn1.5O4, 1000 cycles 10 C charge/discharge test was performed 
and the results are shown in Fig 6.13. It can be seen that initially 
PA-LiNi0.4Ru0.05Mn1.5O4 can release nearly 120 mAh g
-1




still able to release 77 mAh g
-1
 (capacity retention 65%). Such long term high rate 




Pechini method (PE), Resorcinol-formaldehyde assisted method (RF) and 
polymer assisted mechanical activation method (PA) were carried out to synthesize 
LiNi0.5-2zRuzMn1.5O4 (z=0, 0.01, 0.03 and 0.05) spinels with reduced particle size. 
The products of PE and RF methods show smaller particle size than that of PA 
method. However, XRD measurements suggest that RuO2 impurity exists in 
samples synthesized by PE and RF methods. PA-LiNi0.5-2zRuzMn1.5O4 (z= 0.01, 
0.03 and 0.05) cathodes are free of RuO2 impurity indicating Ru has been 
successfully doped into the spinel structure by polymer assisted method. SEM 
observation shows that the particles of PA-LiNi0.5-2zRuzMn1.5O4 are well 
crystallized and around 300 nm. Both XRD and FTIR measurements prove that 
PA-LiNi0.5-2zRuzMn1.5O4 has phase pure spinel structure with       space group; 
while PA-LiNi0.5Mn1.5O4 contains LixNi1-xO impurity phase. PA-LiNi0.5Mn1.5O4 
can release 117 mAh g
-1
 at 10 C discharge rate, while PA-LiNi0.4Ru0.05Mn1.5O4 can 
deliver 135 mAh g
-1
 at 10 C discharge rate. In the 10 C charge/discharge cyclic test, 
PA-LiNi0.4Ru0.05Mn1.5O4 can initially deliver nearly 121 mAh g
-1
 while still 
maintain 100 mAh g
-1
 at the 500
th




than PA-LiNi0.5Mn1.5O4. PA-LiNi0.4Ru0.05Mn1.5O4 also exhibits excellent cyclic 
performances when charged/discharged at 10 C for 1000 cycles. SEM observation 
on PA-LiNi0.5Mn1.5O4 and PA-LiNi0.4Ru0.05Mn1.5O4 particles after high rate cyclic 
test provides the direct evidence that PA-LiNi0.4Ru0.05Mn1.5O4 particles are able to 
keep much better integrity than PA-LiNi0.5Mn1.5O4 particles, which gives rise to 
significantly improved cyclic performances at high charge/discharge rate. The great 
improvement in high rate performances can be attributed to higher electronic 
conductivity and better lithium diffusion coefficient, resulting from both Ru doping 




Chapter 7. Conclusions and 
Recommendations 
7.1 Conclusions 
With the purpose of developing novel LiNi0.5Mn1.5O4 based cathode materials 
with greatly improved high rate performances, 4d transition metals (Ru, Rh and Nb) 
doped LiNi0.5Mn1.5O4 have been designed and synthesized. It was found that Ru, 
Rh and Nb doped LiNi0.5Mn1.5O4 cathodes, which are lattice-defective and phase 
pure,  exhibited significantly improved rate capabilities and high rate cyclic 
performances compared to pristine LiNi0.5Mn1.5O4. These improvements are due to 
enhanced electronic conductivity and lithium diffusivity resulting from 4d 
transition metal doping. It was also found that high rate performances of Ru doped 
LiNi0.5Mn1.5O4 can be further improved through reduction in particle size. The 
main contributions of this research work can be summarized as follows: 
1. Novel spinel structured cathodes have been successfully developed using 4d 
transition metal doping strategy and lattice-defective design. 
LiNi0.5-2zRuzMn1.5O4 (z=0.01, 0.03 and 0.05), LiNi0.425Rh0.05Mn1.5O4 and 
LiNi0.4Rh0.05Mn1.5O4 without impurity have been successfully synthesized 
by simple solid state reactions. Their particle sizes are around 1 µm. Some 
LiNbO3 impurity was found in Nb doped samples, and their particles 




perhaps the first time that effects of 4d transition metal doping on 
spinel-structured LiNi0.5Mn1.5O4 are being explored. The achievements of 
this research work may provide new insight to the development of high 
power lithium batteries. 
2. Mechanisms for improvements in high rate performances after 4d transition 
metal doping have been proposed and examined. The improved high rate 
performances can be ascribed to improved electronic conductivity and 
lithium diffusivity. Larger 4d electronic orbitals overlapping with O 2p 
orbitals could yield better electronic conductivity than the 3d electronic 
orbitals of Ni in the spinel structure. Delocalized 4d electronic orbitals may 
further help in electron transportation. Improved electronic conductivity 
together with larger lattice constant and lattice-defective design give rise to 
improved lithium diffusivity.  The dc conductivity measurements show 
that the electronic conductivity of LiNi0.4Ru0.05Mn1.5O4 is about three times 
higher than that of LiNi0.5Mn1.5O4. PITT measurements show that lithium 
diffusion coefficient of LiNi0.4Ru0.05Mn1.5O4 is about 10 times higher than 
that of LiNi0.5Mn1.5O4. Improvements in Rh and Nb doped cathodes could 
also be ascribed to improved conductivity. The proposed mechanisms of 
improved electronic conductivity may be helpful in designing metal oxide 
based cathodes with other crystal structures.  
3. Submicron sized LiNi0.5-2zRuzMn1.5O4 (z=0, 0.01, 0.03 and 0.05) particles 




As-synthesized particles are well crystallized and their sizes are around 300 
nm. All Ru doped samples are free of impurities, and their high rate 
performances have been further improved compared to Ru doped samples 
with micron sized particles. Such improvements can be attributed to short 
charge transportation distance given rise by smaller particle size. These 
improvements make Ru doped LiNi0.5Mn1.5O4 cathodes more promising for 
high power applications. 
7.2 Limitations and Recommendations  
1. In this research work, the best high rate performance was obtained from Ru 
doped LiNi0.5Mn1.5O4 cathodes which possess phase pure spinel structure. 
However, Ru is too expensive for large scale industrial applications. Nb 
doped LiNi0.5Mn1.5O4 cathodes containing LiNbO3 impurity, which is a poor 
electronic conductor leading to poor electrochemical performances. Since 
Nb is much cheaper than Ru, further work is needed to synthesize phase 
pure Nb doped LiNi0.5Mn1.5O4 cathodes. Nb
4+
 doping may have a high 
chance to significantly improve electronic conductivity. Considering that 
Nb
4+
 tends to be oxidized to Nb
5+
, other synthesis conditions may be 
applied to introduce Nb
4+
 into the spinel lattice, including reducing 
atmosphere and low temperature synthesis conditions. With such 
accomplishment, industrial applications may be more feasible.  




orbitals and their delocalized electronic configurations. This research work 
has however not explored 4d orbitals‟ electronic configurations in spinel 
structure. In future work, X-ray absorption near-edge structure (XANES) 
measurement and first principle calculation can be employed to fully 
investigate the electronic configurations of 4d transition metal doped 
LiNi0.5Mn1.5O4. Results obtained may be further used to verify the present 
proposed mechanism for enhanced electronic conductivity, and also to 
provide more insight for new cathode material design. In addition, 
conductivity measurements have not been performed on Rh and Nb doped 
samples due to tremendous difficulty in preparing of dense pellets using 
traditional press and sintering method. In future, high temperature isostatic 
pressing (HIP) and hot pressing could be utilized to produce dense pellets 
for conductivity tests.  
3. In this work, particle size of Ru doped LiNi0.5Mn1.5O4 has been reduced to 
300 nm through polymer assisted method (PA) leading to better high rate 
performances. However, PA method and other chemical synthesis methods 
may have the potential to produce much smaller particles (up to 50 nm), 
which may offer further improvement in high rate performances. Therefore, 
the synthesis of nano-sized 4d transition metal doped LiNi0.5Mn1.5O4 should 
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